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evidence... 
continued clinical 
experience indicates 
it as a valuable 
cytotoxic agent 


Cyclophosphamide, Mead Johnson 


FOR PALLIATIVE CHEMOTHERAPY OF CERTAIN TYPES OF MALIGNANT NEOPLASMS 


Report from a recent comparative clinical evaluation of two alkylating agents: “With the use of cyclophosphamide 
[Cytoxan], there is a relative lack of thrombocytopenia and a diminution in gastrointestinal side-effects, so that it 
may offer therapeutic advantages over other alkylating agents.”* 

Other Advantages in Clinical Practice: Broad spectrum of application - High therapeutic index - No vesicant 
activity—may be given orally or parenterally. 

For a copy of the Cytoxan brochure, or other additional information on Cytoxan, communicate directly with the 
Medical Department (Section D), Mead Johnson & Company, Evansville 21, Indiana. 
*Papac, R.; Petrakis, N. L.; Amini, FE, and Wood, D. A.: J-A.M.A. 172:1387-1391 (March 26) 1960. 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN JULY—(1922)—the Journal of Biochemistry (Tokyo) reports the isolation 
and analysis of the prolamin of Hato-mugi (Coix lacryma L.). Hato-mugi is an 
Asiatic species of grass with large seeds called “Job’s Tears,” which are often 
strung as beads to pacify teething infants. Results indicate that it contains glu- 
tamic acid, leucine, tyrosine and the basic amino acids, arginine, histidine, and 
lysine, and resembles the prolamin of oats.' 


Chemists who know their oats (or their Hato-mugi) will be interested in the 
Schwarz kit of 18 optically standardized natural amino acids. This kit provides 
reliable, convenient primary standards for chromatography, microbiological 
assay and other precise research and instructional purposes. Also available are 
bulk quantities of optically standardized amino acids for nutritional studies and 
manufacturing. In addition, most of these compounds are available with N‘* 
or labels. 


IN JULY—(1929) — Cowgill discusses the physiology of the substance hitherto 
called “vitamin B.”* This has recently been shown to consist of at least two 
physiologically-active factors. One is unstable at high temperatures and is effec- 
tive in preventing and curing beriberi; the other thermostable component is 
required along with the antineuritic factor for promoting growth and is prob- 
ably effective in preventing and curing pellagra. 


Today, we know that the anti-beriberi factor is an essential constituent of cocar- 
boxylase (thiamine pyrophosphate), while the anti-pellagra factor is a precursor 
of catalytic flavins such as flavin adenine dinucleotide (FAD). Schwarz 
BioResearch supplies both FAD and cocarboxylase, as well as other essential 
cofactors, including DPN, ATP, and adenylic acid. All are listed in our catalog. 
Write for it. 


IN JULY—(1959) — discussing the synthesis of organic compounds on the prim- 
itive earth, Stanley Miller and Harold Urey state: “The major problems remain- 
ing for an understanding of the origin of life are (i) the synthesis of peptides, 
(ii) the synthesis of purines and pyrimidines, (iii) a mechanism by which 
‘high-energy’ phosphate or other types of bonds could be synthesized continu- 
ously, (iv) the synthesis of nucleotides and polynucleotides, (v) the synthesis of 
polypeptides with catalytic activity (enzymes) , and (vi) the development of poly<", 
nucleotides and the associated enzymes which are capable of self-duplication.””*: 


The fundamental importance of nucleic acids in life processes is now universally 
recognized. Schwarz BioResearch offers a full line of nucleic acid compounds: 
DNA, RNA, nucleate salts, nucleotides, nucleosides, purines and pyrimidines, 
and pentoses. Also available is a complete line of amino acid derivatives, peptides 
and poly-amino acids. Many of these have been radiolabeled. Do you have our 
most recent catalog and price list? 

1. Hattori, G. and Komatsu, S.: The prolamin of Coix lacryma L. J. Biochem. 1:365 (July) 1922. 2. Cowgill, G. R.: 


Recent studies in the physiology of vitamin B. Yale J. Biol. & Med. 1:353 (July) 1929. 3. Miller, S. L. and Urey, 
H. C.: Organic compound synthesis on the primitive earth. Science 130:245 (July 31) 1959. 
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Now! An Improved Isotope Scanner 


Complete scanning system includes 1700A Isotope Scanner, 
DS5-1P Scintillation Detector with straight bore and focused 
collimator inserts, and 132A combination Spectrometer-Scaler. 
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f Actual below illustrate typi- 
rom Nuclear-Chicago 
Isotope Scanner. Top three scans, 


made using Spectrometer-Scaler, 
show how scatter and background 


New Model 1700A Scanner are reduced. 
holds scintillation detectors oN 


weighing up to 125 pounds! 


The clinical demand for radioactivity scanners 
with increased sensitivity has been met with the 
new 1700A Isotope Scanner. A new strengthened 


scanning mechanism, exclusive with Nuclear- 
Thyroidectomy in 1928. Thyrotoxic 
symptoms in 1956. Scan shows recur- 


Chicago, will support scintillation detectors rence in pyramidal region. 
weighing up to 125 lbs. Now, for the first time, 
physicians can take advantage of the increased 
speed of scanning, sensitivity, and resolution 
offered by heavily collimated scintillation 
detectors with 3” crystals. 

And, the Nuclear-Chicago Isotope Scanner is 
still the standard of the industry. It can be used 
with any scintillation detector and scaler. It can laid ead 
be euppiied with a combination spectrometer- = 
scaler (the only really valid and safe way 
to “erase” background and eliminate scatter 
because even the weakest isotope concentration 
cannot be erased). It occupies a floor space of 
only 34” x 44”, is extremely simple and sturdy in 


construction. A complete system is most modestly 
priced, and the scaler and detector are easily 


removed from the scanner for other purposes 


Intrathoracic recurrence 20 years after’ 


when the scanner is idle. surgery. Gamma-ray Spectrometer 


Our General Catalog R fully describes the 1700A 
Isotope Scanner and we have printed a brochure 


containing 30 actual scans made by users 
of this equipment. Please write for your copies. 


nuclear-chicago 


@ ©OR PORATION following surgery and node 
tion. Spectrometer not used. 
329 E. HOWARD AVE., DES PLAINES, ILLINOIS 
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INDIVIDUAL 


a prothrombin time control: 
can be..., should be..., and why. 


neW, 


from our 


Coagulation 


Research 
Laboratory 


™ 
G. WARNER- 
CHILCOTT 


Thromboplastin Generation Test Reagents 


Your normal prothrombin time control can 
be fresh human plasma from five normal 
individuals... pooled to minimize the vari- 
ables that may be present in single controls 
due to drugs, stress or other causes. 


It can be duplicate determinations on the 
plasmas of five normal individuals with the 
results averaged. 


Anything less can provide a distorted base- 
line to the clinician in planning his therapy. 


Your control should be DIAGNOSTIC 
PLASMA WARNER-CHILCOTT. 


For DIAGNOSTIC PLASMA is prepared by 
pooling hundreds of normal plasmas; then 
individual clotting factors are titrated to 
give you a truly normal control. 


DIAGNOSTIC PLASMA, as your control in 
prothrombin time determinations, decreases 
the biological variables of a single control. 


DIAGNOSTIC PLASMA will give you results 
consistently identical with those of pooled 
human plasma, assuring your patient of 
accurately controlled anticoagulant dosage. 


And why...the importance of your using a 
truly normal control, and other problems 
that may occur when performing prothrom- 
bin times, are covered in the teaching film 
strip “Determining Prothrombin Activity”.* 


DIAGNOSTIC PLASMA is available from 
leading laboratory supply distributors in 
boxes of ten 0.5 ml. vials. 


Diagnostic Plasma 


For TGTR information write: 


*The teaching film strip (35 mm with 
33% r.p.m. record) ‘Determining Prothrombin Activity” 
— available at no charge from 


GENERAL DIAGNOSTICS owsion WARNER-CHILCOTT wonne 


: 
: 


Baird-Atomic offers a choice of 
wenty-three (23) sealer combinstions 
r every counting 
every budget. 
Select the scaler specifically engi- 
“peered to your special probiem — 
choose Baird-Atomic. Write or call 
today for prompt service. 


Do you have your free copy of the Baird-Atomic Radioisotope Data Chart? If not, write today to Department cI 


FB) SAIRD-ATONIC, ING. 
AA 33 university road +» cambridge 58, mass. 
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For the first time... 


Routine 
clinical analyses 
drop-size samples 


Now every laboratory can run drop-size blood samples rou- 
tinely and accurately, with the Beckman/ Spinco Ultramicro 
Analytical System. 

Based on a new concept of handling small volumes, the 
Spinco System is a miniature laboratory in itself. The entire 
System fits easily on a table top...the operator sits comfor- 
tably while making analyses...reagents are stored in plastic 
squeeze bottles with self-measuring pipettes attached...and 
there is almost nothing to wash. 

Because a simple finger or heel puncture provides all the 
blood needed for complete chemistries, the new Ultramicro 
System is vitally important in pediatrics and geriatrics — in 
burn cases— for obese patients. It is a major step forward 
in small animal research, in pharmacological and nutritional 
studies, wherever small samples are necessary —or desirable. 

For more information on this important advance in labo- 
ratory analysis write Spinco Division, Beckman Instru- 
ments, Inc., Palo Alto, California, for Data File 150-16. 


ULTRAMICRO TESTS tg 
Beckman: 

Spinco Division 

(lambdas: ; Beckman Instruments, Inc. 


40 
40 yl 
20 ul 
10 ul 
10 yl 
20 wl 

5yl 
20 yl 
10 yl 
20 wl 
10 ul 
20 yl 
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AN IMPORTANT STATEMENT ON 
BACTERIAL SENSITIVITY TESTING 
WITH THE NITROFURANS 


The individual nitrofurans — ALTAFUR, FURADANTIN, 
Furoxone, Furacin—are not interchangeable either in 
clinical application or in susceptibility testing. Although 
chemically related, these compounds differ to a highly 
significant degree in their range of antibacterial activity 
as well as in solubility, diffusion rate, and other physical 
characteristics. For this reason, Sensi-Discs* containing 
each of these nitrofurans are provided for appropriate 
disc plate testing. Results are valid only for the compound 
tested. Cross-interpretation will lead to erroneous con- 


clusions. 


Nitrofuran 


Antibacterial Spectrum 


Clinical Application 


For Disc Plate 
Test Use 


ALTAFUR® 
(brand of furaltadone) 


FuraDANTIN® 
(brand of nitrofurantoin) 


Furoxone® 
(brand of furazolidone) 


Furacin® 
(brand of nitrofurazone) 


Wide. Particularly 
effective against 
staphylococci, including 
antibiotic-resistant 
strains. 


Wide. Highly active 
against urinary tract 
pathogens. 


Wide. Especially 
effective against 
enteric pathogens. 


Wide. Encompasses 
most surface pathogens. 


Systemic infections, 
including those of the 
respiratory tract and 
soft tissue. (Rapidly 
absorbed, low urinary 
excretion.) 


Urinary tract infections. 
(Rapidly absorbed, high 
urinary excretion.) 


Enteric infections. 
(Minimal systemic 


absorption.) 


Used topically only. 


ALTAFUR 
Senst-Discs* 


FURADANTIN 
Senst-Discs* 


FuROXONE 
Senst-Discs* 


FuRACIN 
Senst-Discs* 


& Co.), Balti 18, Md. 


*Available from the Baltimore Biological Laboratory (Division of Becton, Dicki 


NITROFURANS—a unique class of antimicrobials EATON LABORATORIES, NORWICH, NEW YORK 


& 
% 

Ea 


relieves the persistent 
pain 


DARVON COMPOUND 


(dextro propoxyph and acetylsalicylic acid pound, Lilly) 


Darvon Compound combines the analgesic action of Darvon® 
with the anti-inflammatory and antipyretic benefits of A.S.A.® 
Compound. When inflammation is present, Darvon Compound 
reduces discomfort to a greater extent than does either analgesic 
given alone. 


Usual dosage: 1 or 2 Pulvules® three or four times daily. 
Also available: Darvon, in Pulvules of 32 and 65 mg. 


Darvon® (dextro propoxyphene hydrochloride, Lilly) 
A.S.A.® Compound (acetylsalicylic acid and acetophenetidin compound, Lilly) 


ELI LILLY AND COMPANY + INDIANAPOLIS 6, INDIANA, U.S.A. 
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STUDIES ON STARLING’S LAW OF THE HEART. 


I. THE 


CIRCULATORY RESPONSE TO ACUTE HYPERVOLEMIA 
AND ITS MODIFICATION BY GANGLIONIC 
BLOCKADE 


By ROBERT L. FRYE ann EUGENE BRAUNWALD wIrh THE TECHNICAL ASSISTANCE OF 
ESTELLE R. COHEN 


(From the Section of Cardiology, Clinic of Surgery, National Heart Institute, Bethesda, Md.) 


(Submitted for publication January 21, 1960; accepted March 4, 1960) 


The application of Starling’s law of the heart 
to the circulation of man has been the subject of 
intensive interest and investigation. Infusions of 
intravenous fluids have been employed in at- 
tempts to simulate in man the increase in venous 
return to the Starling heart-lung preparation. 
A variety of fluids has been utilized in such stud- 
ies in man, including saline (1-4), dextran (4-6), 
glucose solutions (4), and human serum albumin 
(2, 7). In general, the ,results have been con- 


flicting, with a few investigators noting an in- 
crease both in filling pressure and cardiac output 
(1, 5), while in the majority of studies no con- 
sistent relationship between these parameters was 


noted (2-4, 6, 7). Indeed, in most human sub- 
jects the augmentation of the total blood volume 
has failed to be associated with a rise in cardiac 
output, even in the face of a decline in hematocrit 
(2-4, 6, 7). The possibility was considered that 
the presence of an actively functioning autonomic 
nervous system in the intact state and its absence 
in the heart-lung preparation accounts for the dif- 
ference in the cardiac response to infusion in man 
and increased venous return to the heart-lung 
preparation. The present study was therefore 
designed to determine whether the circulatory re- 
sponse to acutely induced hypervolemia is modi- 
fied by reducing the activity of the autonomic 
nervous system by means of ganglionic blockade. 


METHODS 


Seven male subjects with normal cardiovascular sys- 
tems were studied. They ranged in age from 17 to 39 
years and averaged 27 years. The subjects were studied 
following complete recovery from an acute illness un- 
related to the cardiovascular system. Each individual 
was subjected to three phlebotomies over a period of 
approximately 10 days and the 1,500 ml of blood so ob- 
tained was stored in solutions of sodium citrate, citric 
acid and dextrose. Approximately two days after the 


third phlebotomy the first study was carried out. Cardiac 
output, heart rate, and arterial pressure were recorded, 
generally in duplicate, immediately before the blood which 
had been removed was returned. The 1,500 ml trans- 
fusion was given at a rate of 19.3 ml per minute utilizing 
a Bowman infusion pump. Measurements were again 
carried out immediately following completion of the 
transfusion and were usually repeated 15 minutes later. 
Following another series of phlebotomies over a period 
of approximately 5 days, the procedure was repeated in 
an identical manner except that the circulatory effects of 
transfusion were now studied after partial ganglionic 
blockade had first been induced and while it was main- 
tained through the entire period of observation. In two 
subjects, H. S. and R. W., the experimental sequence 
was reversed and the circulatory responses to transfusion 
were first studied in the presence of ganglionic blockade 
and the effects of transfusion without blockade were de- 
termined at the time of the second study. All observa- 
tions were carried out with the subjects in the recumbent 
position, in the postabsorptive state after receiving 100 
mg pentobarbital intramuscularly approximately one hour 
before study. 

The ganglionic blockade was induced by a constant, 
continuous intravenous infusion of Arfonad, a thiophanium 
derivative (d-3,4 [1’,3’-dibenzyl-2’-keto -imidazolido] -1,2- 
trimethylene thiophanium d-camphorsulfonate), a drug 
which also has some direct vasodilatory action (8, 9). 
Arfonad was administered by means of an infusion pump 
at a rate which ranged from 1.0 to 10.4 mg per minute 
with an average rate of 4.0 mg per minute. The specific 
infusion rate chosen for each subject was that which 
lowered systolic arterial pressure by approximately 40 
mm Hg and this rate was maintained constant for the 
entire study. The actual decline of systolic arterial pres- 
sure ranged from 32 to 55 mm Hg with an average of 
43 mm Hg. Arterial pressure was measured through 
an indwelling needle with a Statham pressure trans- 
ducer and recorded, together with the electrocardiogram 
and the indicator dilution curves, on a multichannel photo- 
graphic recorder. 

Cardiac output was determined by the indicator dilu- 
tion technic and calculated in the manner described by 
Hamilton, Moore, Kinsman and Spurling’(10). Evans 
blue dye was injected from a tared syringe through a 
75 cm polyethylene catheter (PE no. 50, 0.58 mm ID) 
introduced percutaneously through an antecubital vein 
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TABLE I 


Hematocrits of subjects studied 


Initial study 


Second study 


Het. at 
beginning 


Het. prior to 
phlebotomy 


Het. at 
beginning 


Het. at 
completion 


Het. at 
completion 


* Subjects in whom transfusion was given first in the presence of ganglionic blockade. 


into the superior vena cava or right atrium. Arterial 
blood was sampled through an indwelling arterial 
needle and pulled through a cuvet densitometer (11, 12) 
by a motor driven syringe at a rate of 20 ml per min- 
ute. The response of the densitometer to a sudden 
change in density is 95 per cent in one second and over 
99 per cent in two seconds (13). The volume of the 
connecting tube from the arterial needle to the densi- 
tometer was 0.41 ml; the time required for the blood to 
traverse this tubing (1.23 seconds) was subtracted from 
the observed mean circulation time in calculating the ac- 
tual mean circulation time. The validity of the technics 
employed in the measurement of the cardiac output and 
central blood volume had first been demonstrated by a 
comparison with direct measurements in a circulatory 
model (14) and by flowmeter measurements in the open- 
chest dog over a wide range of flow rates (15). 


In the present study 23 of the 28 measurements of 
cardiac output were carried out in duplicate, 10 to 15 
minutes apart. The standard error of the 23 duplicate 


determinations of cardiac output was 493 ml per minute. 

Central blood volume, that is, the volume of blood be- 

tween the site of injection in the vena cava or right 

atrium and the site of sampling in the systemic artery, 

as well as all temporally equidistant points, was cal- 

MCT X C.O. 
60 


culated from the formula : CBV = where 


CBV = central blood volume in liters, MCT = mean cir- 
culation time in seconds and C.O.=cardiac output in 
liters per minute. The standard error of 23 duplicate 
determinations of the central blood volume was 115 ml. 
The average of the two cardiac output and central blood 
volume determinations is presented in Table II in the 
23 of the 28 determinations in which they were carried 
out. 


TABLE II 
Hemodynamic data obtained before and after transfusion in the absence and presence of ganglionic blockage* 


Cc. 0. 


SV 


CBV MWLV SWLV 


Avg. Avg. 
before after 


Avg. 
Condition 


before after 


Avg. Avg. 


after 


Avg. 


Avg. 
before 


Avg. Avg. Avg. 
before after before after 


8.97¢ 7.80T 
7.03 9.67 
6.19 


6.47 
5.41 
5.57 
5.52 
4.25 
6.22 
4.78 
6.03 
5.03 
6.31 
6.25 
6.38 
5.63 


a 


DO 90 0 90 ¢ 


WOO w 


10.03¢ 9.30f 111.4¢ 93.0f 
7.55 


* BSA = dody surface area in m*?; C = control study; A = transfusion in presence of Arfonad infusion; C. O. = 
cardiac output in L/min; MAP = mean arterial pressure 11 mm Hg; SV = stroke volume in ml; CBV = central blood 
volume in liters; MWLV = minute work of left ventricle in kg-m/min; SWLV = stroke work of left ventricle in gram- 


meters. 3 
t Single determinations. 


t Subjects in whom transfusion was given first in presence of ganglionic blockade. 


Subj. 
ag *- C. B. 47.5 39.9 38.0 38.5 39.5 
eS H. L. 37.0 35.5 35.0 39.0 
M. J 46.0 $4.0 38.0 32.0 36.0 
nae M. Z. 44.0 4, 4. 33. 35.0 ia 
pat H. S.* 35.0 32.0 35.0 32.0 37.0 
Lees E. B. 45.5 37.0 38.0 37.0 38.0 
eae R. W.* 43.0 31.0 35.2 29.0 34.0 
sp Avg. 43.5 35.0 36.3 33.9 36.9 
| 
BSA 
Cc. B. 78t 83t 100¢ 78t 
1.86 75 84 69 108 
H. L. 109 120 97 92 1.49 09 11.00 152.0 157. 
1.86 83 116¢ 83 101¢ 1.4 2.20¢ 7.72 13.09¢ 97.7 163.6f 
ae M. J. 78 103 128 146 10M 1.57 5.98 12.51 139.2 2146 
woe 1.90 72 106 62 116 18% 148 5.74 13.51 65.6 176.5 
Bie M. Z. 11S 123 81 72 1. 8.67 129.3 124.8 
1.92 73 105 4956 80s 1. 9.88 58.6 122.0 
1.68 9.12 42.9 95.6 
E. B. 9.39 91.2 110.7 
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STUDIES ON STARLING’S LAW OF THE HEART IN MAN 


The following formula was utilized to calculate the 
work of the left ventricle: 


MAP X 1.055 X C.O. 
1,000 


where MWLV = minute work left ventricle in kilogram- 
meters per minute, MAP=mean arterial pressure in 
centimeters of H,O, 1.055 = specific gravity of blood and 
C.O. = cardiac output in liters per minute. 

Again, the average of the two cardiac output determi- 
nations was utilized, when available, in these calcula- 
tions. The statistical analysis is based upon a comparison 
of the standard deviations of the mean differences in re- 
sponse to transfusion carried out in the absence and in 
the presence of ganglionic blockade. 


MWLV = 


RESULTS 


Mild anemia was induced by the phlebotomies. 
The hematocrit values obtained prior to phle- 
botomy, before, and after both transfusions are 
presented in Table I. The results of the pertinent 
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Fic. 1. Errect OF ACUTE HYPERVOLEMIA ON CENTRAL 
BLOOD VOLUME. The solid circles on the left represent 
the changes in central biood volume produced by the 
transfusion in the absence of ganglionic blockade. On 
the right are represented the changes in central blood 
volume produced by transfusion during ganglionic block- 
ade by Arfonad. The lines between the circles connect 
observations made on the same subject. The horizontal 
bar represents the mean change for all subjects and the 
mean percentage change resulting from transfusion is 
recorded beside the horizontal bar. 
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EFFECT OF ACUTE HYPERVOLEMIA ON CARDIAC 
OUTPUT. 


Fic. 2. 


hemodynamic measurements are presented in 
Table II. 

Figure 1 demonstrates the effect of the trans- 
fusion on the central blood volume during the 
control study and in, the presence of partial gangli- 
onic blockade. During the control study the 
change in central blood volume ranged from 
— 180 to + 130 mland averaged — 8 ml, represent- 
ing an average decline of 1 per cent. In the pres- 
ence of ganglionic blockade the change in central 
blood volume ranged from + 170 to + 690 ml and 
averaged + 350 ml, representing a mean increase 
of 36 per cent. In each subject the central blood 
volume rose to a greater extent when transfusion 
was carried out in the presence of partial gangli- 
onic blockade than in its absence. This difference 
in response to blood transfusion was statistically 
significant (p < 0.01). 

The effect of the transfusion on the cardiac out- 
put during the control study and in the presence 
of Arfonad infusion is represented in Figure 2. 
During the control study the change in the cardiac 
output ranged from — 1.17 to + 3.06 L per minute 
and averaged + 0.50 L per minute, representing a 
mean increase of 10 per cent. In the presence of 
partial ganglionic blockade the change in cardiac 
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Fic. 3. Errect 0*/CUTE HYPERVOLEMIA ON STROKE 
VOLUME. 


output ranged from + 1.64 to + 3.26 L per minute 
and averaged + 2.40 L per minute, representing 
a mean increase in cardiac output of 44 per cent. 
In each subject the cardiac output rose to a 
greater extent when transfusion was carried out 
in the presence of partial ganglionic blockade than 
in its absence. This difference in response to 
transfusion was statistically significant (p < 0.01). 

Figure 3 illustrates the change in stroke volume 
index induced by the transfusion in the absence 
and in the presence of partial ganglionic blockade. 
During the control study the change in stroke 
volume index ranged from — 11 to + 10 ml per 
m? and averaged — 1 ml per m?, representing a 
mean decrease of 3 per cent. In the presence of 
partial ganglionic blockade the increase in the 
stroke volume index ranged from 9.3 to 28 ml per 
m? and averaged 18 ml per m?, representing a 
mean increase of 53 per cent. In each subject 
the stroke volume index rose to a greater extent 
when transfusion was carried out in the presence 
of partial ganglionic blockade than in its absence. 
This difference in response to transfusion was 
statistically significant (p < 0.01). 

In the control study before transfusion, the 
systolic arterial pressure ranged from 90 to 156 


mm Hg with an average of 118 mm Hg; the dia- 
stolic arterial pressure ranged from 53 to 78 mm 
Hg with an average of 61 mm Hg. Following 
transfusion in the control study, the systolic ar- 
terial pressure ranged from 117 to 176 mm Hg 
and averaged 143 mm Hg; the diastolic arterial 
pressure ranged from 62 to 86 mm Hg and ay- 
eraged 76 mm Hg. 

In the study carried out during Arfonad infu- 
sion, before transfusion the systolic arterial pres- 
sure ranged from 71 to 95 mm Hg and averaged 
84 mm Hg; the diastolic arterial pressure ranged 
from 39 to 57 mm Hg and averaged 49 mm Hg. 
Following the transfusion in the studies performed 
during Arfonad infusion, the systolic arterial pres- 
sure ranged from 107 to 151 mm Hg and averaged 
128 mm Hg; the diastolic arterial pressure ranged 
from 65 to 92 mm Hg with an average of 75 mm 
Hg. 

The change in mean systemic arterial pressure 
induced by transfusion in the absence and in the 
presence of partial ganglionic blockade is illus- 
trated in Figure 4. During the control study the 
increment in mean systemic arterial pressure 
ranged from 5 to 39 mm Hg and averaged 18 mm 
Hg, representing a mean increase of 23 per cent. 
In the presence of partial ganglionic blockade the 
increase in mean systemic arterial pressure ranged 
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Fic. 4. EFrect OF ACUTE HYPERVOLEMIA ON MEAN 
SYSTEMIC ARTERIAL PRESSURE. 
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STUDIES ON STARLING’S LAW OF THE HEART IN MAN 


from 9 to 37 mm Hg and averaged + 30 mm Hg, 
representing a mean increase of 46 per cent. In 
six of the seven subjects the arterial pressure rose 
more in the presence of partial ganglionic block- 
ade than in its absence. This difference in re- 
sponse to the transfusion was statistically signifi- 
cant (p < 0.15). 

Figure 5 depicts the change in left ventricular 
minute work induced by the transfusion in the 
control study and in the presence of partial gang- 
lionic blockade. During the control study the 
change in left ventricular minute work ranged 
from — 0.39 to + 3.43 kg-m per minute per m? 
and averaged + 1.31 kg-m per minute per m’, 
representing a mean increase of 37 per cent. In 
the presence of partial ganglionic blockade the in- 
crease in left ventricular minute work ranged 
from 2.19 to 4.09 kg-m per minute per m?* and 
averaged 3.03 kg-m per minute per m?, repre- 
senting a mean increase of 111 per cent. In each 
subject the left ventricular minute work rose to a 
greater extent when transfusion was carried out 
in the presence of partial ganglionic blockade than 
in its absence. The difference in response to 
transfusion was Statistically significant (p< 
0.01). 

Figure 6 illustrates the change in left ventricu- 
lar stroke work induced by the transfusion in the 
control study and in the presence of partial gang- 
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Fic. 5. E¥FFecT OF ACUTE HYPERVOLEMIA ON 
VENTRICULAR MINUTE WORK. 
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Fic. 6. EFFECT OF ACUTE HYPERVOLEMIA ON LEFT 
VENTRICULAR STROKE WORK. 


lionic blockade. During the control study the 
change in left ventricular stroke work ranged 
from — 9.9 to + 39.5 g-m per m? and averaged 
+ 12.6 g-m per m’, representing a mean increase 
of 20 per cent. In the presence of partial gang- 
lionic blockade the change in left ventricular stroke 
work ranged from + 29 to 58.4 g-m per m? and 
averaged 39.16 g-m per m’, representing a mean 
increase of 108 per cent. In each subject the left 
ventricular stroke work rose to a greater extent 
when transfusion was carried out in the presence 
of partial ganglionic blockade than in its absence. 
The difference in response to transfusion was 
statistically significant (p < 0.01). 


DISCUSSION 


The response of cardiac output to transfusion 
in the control studies reported herein is in agree- 
ment with the findings of those investigators (2- 
4, 6, 7) who have observed that the cardiac output 
is neither increased consistently by large intra- 
venous infusions, nor decreased by venesection of 
300 to 900 ml or by the trapping of blood in the 


extremities (16). In the absence of Arfonad in- 
fusion, the large transfusion was not associated 
with a significant increase in central blood volume. 
Failure of the central blood volume to increase 
following large infusions of dextran was also 
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noted in the dog by Milnor and Bertrand (17). 
In the presence of the partial ganglionic blockade 
and the vasodilatation induced by the Arfonad, 
blood transfusion resulted in a substantial increase 
in central blood volume which was associated with 
a striking increase in the output and work of the 
left ventricle. The important role of the central 
blood volume as a determinant of cardiac output, 
particularly when the latter is initially low, has 
been suggested previously (18, 19) and the data 
presented herein are consistent with this concept. 

This difference in the response of the central 
blood volume to the transfusion in the absence and 
in the presence of Arfonad infusion may help to 
explain the failure of a consistent augmentation 
of the cardiac output following the acute expansion 
of total blood volume in the intact state. One 
may speculate that during the “control” portion of 
this study and in experiments reported by others 
(24, 6, 7, 17), this expansion of blood volume 
increased intravascular pressure. The consequent 
stimulation of arterial (20) and systemic venous 
baroreceptors (21) could have resulted in a de- 
crease in venous tone resulting in an increased 
capacity of the venous bed at any given transmural 
pressure (21-24). This decrease in venous tone, 
in turn, could result in a tendency for the infused 
fluid to pool in the systemic venous bed, which 
would minimize any augmentation of the volume 
of blood in the heart and lungs (25). Accord- 
ingly, a smaller increase in cardiac output and 
ventricular work occurs than would be expected 
in the absence of such reflex venodilatation. How- 
ever, since no measurements of peripheral venous 
pressure were carried out, this explanation must 
be considered to be speculative. Furthermore, it 
is now clear from the experiments of Daly and 
Luck (26) and of Sarnoff and co-workers (27) 
that carotid sinus stimulation depresses ventricu- 
lar function strikingly and thereby diminishes the 
external work performed by the ventricle from 
any given filling pressure. In addition, the latter 
workers have also shown that baroreceptor stimu- 
lation depresses atrial contractility. In this man- 
ner the contribution of atrial contraction to ven- 
tricular filling is diminished and the ventricular 
stroke work for any given level of mean atrial 
pressure is further decreased (28). Finally, by 
inducing reflex arteriolar dilatation, baroreceptor 
stimulation would tend to diminish further any 
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increase in ventricular work induced by hyper- 
volemia. 

It was observed, however, that during the in- 
fusion of Arfonad, the blood transfusion resulted 
in substantial augmentation of the output and 
work of the left ventricle. It is postulated that as 
a consequence of the partial ganglionic blockade 
induced by Arfonad, venous tone diminished, the 
capacity of the venous bed increased and the cen- 
tral blood volume, cardiac output, and left ven- 
tricular work fell. However, it would appear 
likely from the observations of Alexander (22), 
that when venous tone diminishes, for any given 
increment in venous blood volume the transmural 
venous pressure rises to a greater extent than 
when the venous bed is initially partially con- 
stricted. This would permit a larger fraction of 
the infused blood to enter the thorax and cardiac 
output to rise significantly. The concept that even 
small changes in venous tone may induce striking 
changes in cardiac output has previously been 
stressed by Folkow (29). 

Pertinent to this possible explanation of the data 
obtained are those studies which have demon- 
strated that venous tone in man is not constant, 
but may be altered by a variety of stimuli (30-34). 
In particular, ganglionic blockade produces veno- 
dilatation in patients in congestive heart failure 
(35, 36) and in normal subjects during muscu- 
lar exercise (34). The experiments of Freis and 
associates have also suggested that hexamethon- 
ium blocks reflex venoconstriction in normal sub- 
jects (37). These workers demonstrated that 
phlebotomies of 250 to 500 ml resulted in a strik- 
ing decline in arterial pressure only after the ad- 
ministration of hexamethonium. This would ap- 
pear to be analogous to the observation (Figure 
4) that a greater elevation of arterial pressure oc- 
curs when blood was infused in the presence of 
the Arfonad infusion than in its absence. 

Although the subjects were mildly anemic in 
the present study, whole blood was utilized instead 
of saline, dextran, plasma or albumin in order to 
avoid any acute change in the hematocrit. It has 
been demonstrated clearly in anesthetized dogs 
that acute depression of the hematocrit by the di- 
lution resulting from large intravenous infusions 
of fluid, rather than from hypervolemia per se, 
may be responsible for the elevation in cardiac 
output noted when hemodilution occurs (38-40). 
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STUDIES ON STARLING’S LAW OF THE HEART IN MAN 


Although there was a significant lowering of he- 
matocrit by the phlebotomies prior to the initial 
study, there were no striking differences between 
the hematocrits at the beginning and completion 
of each transfusion, nor between those obtained in 
the course of the first and second studies. The 
direct effects of partial ganglionic blockade on 
myocardial function are not considered likely to 
account for the experimental results obtained, 
since it has been demonstrated (41) that hexa- 
methonium actually depresses myocardial con- 
tractility. 

Experiments in which hypervolemia is induced 
acutely in intact human subjects may not be ideally 
suited for determining the applicability of Star- 
ling’s law of the heart to man. The presence of 
an intact autonomic nervous system results in 
failure of a significant fraction of the infused fluids 
to augment the volume of blood within the heart 
and lungs, and the stimulation of myocardial con- 
traction provided by an increased end-diastolic 
fiber length cannot result (42). Starling’s law 
of the heart in man may, perhaps, be examined 
more profitably by studying the relationship be- 
tween ventricular filling pressure or fiber length 
and ventricular stroke work under conditions in 
which significant variations in filling are induced. 
Such studies are now in progress. 


SUMMARY 


1. The cardiovascular response to transfusion 
in the absence and presence of Arfonad has been 
studied in seven human subjects with normal 
cardiovascular systems. 

2. Transfusion in the control state produced no 
significant change in central blood volume, an 
average elevation of cardiac output of 0.50+ 
1.37 L per minute and of left ventricular stroke 
work of 23.3 + 33.8 g-m. The increase in each 
of these parameters resulting from transfusion 
during partial ganglionic blockade was substan- 
tially greater and averaged 348 + 188 ml, 2.40 + 
0.61 L per minute, and 73.3+ 25.7 g-m, re- 
spectively. 

3. It is suggested that when hypervolemia is 
induced acutely in intact man marked alterations 
in circulatory dynamics are prevented by the ac- 
tivity of the autonomic nervous system, which 
results in reflex venodilatation and depression of 
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myocardial contractility. Accordingly, Starling’s 
law of the heart cannot be readily demonstrated. 
When hypervolemia is induced after the activity 
of the autonomic nervous system has been re- 
duced, more striking hemodynamic changes oc- 
cur, resembling those noted in the Starling heart- 
lung preparation when venous inflow is aug- 
mented, 
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noted in the dog by Milnor and Bertrand (17). 
In the presence of the partial ganglionic blockade 
and the vasodilatation induced by the Arfonad, 
blood transfusion resulted in a substantial increase 
in central blood volume which was associated with 
a striking increase in the output and work of the 
left ventricle. The important role of the central 
blood volume as a determinant of cardiac output, 
particularly when the latter is initially low, has 
been suggested previously (18, 19) and the data 
presented herein are consistent with this concept. 

This difference in the response of the central 
blood volume to the transfusion in the absence and 
in the presence of Arfonad infusion may help to 
explain the failure of a consistent augmentation 
of the cardiac output following the acute expansion 
of total blood volume in the intact state. One 
may speculate that during the “control” portion of 
this study and in experiments reported by others 
(2-4, 6, 7, 17), this expansion of blood volume 
increased intravascular pressure. The consequent 
stimulation of arterial (20) and systemic venous 
baroreceptors (21) could have resulted in a de- 
crease in venous tone resulting in an increased 
capacity of the venous bed at any given transmural 
pressure (21-24). This decrease in venous tone, 
in turn, could resu‘: in a tendency for the infused 
fluid to pool in the systemic venous bed, which 
would minimize any augmentation of the volume 
of blood in the heart and lungs (25). Accord- 
ingly, a smaller increase in cardiac output and 
ventricular work occurs than would be expected 
in the absence of such reflex venodilatation. How- 
ever, since no measurements of peripheral venous 
pressure were carried out, this explanation must 
be considered to be speculative. Furthermore, it 
is now clear from the experiments of Daly and 
Luck (26) and of Sarnoff and co-workers (27) 
that carotid sinus stimulation depresses ventricu- 
lar function strikingly and thereby diminishes the 
external work performed by the ventricle from 
any given filling pressure. In addition, the latter 
workers have also shown that baroreceptor stimu- 
lation depresses atrial contractility. In this man- 
ner the contribution of atrial contraction to ven- 
tricular filling is diminished and the ventricular 
stroke work for any given level of mean atrial 
pressure is further decreased (28). Finally, by 
inducing reflex arteriolar dilatation, baroreceptor 
stimulation would tend to diminish further any 
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increase in ventricular work induced by hyper- 
volemia. 

It was observed, however, that during the in- 
fusion of Arfonad, the blood transfusion resulted 
in substantial augmentation of the output and 
work of the left ventricle. It is postulated that as 
a consequence of the partial ganglionic blockade 
induced by Arfonad, venous tone diminished, the 
capacity of the venous bed increased and the cen- 
tral blood volume, cardiac output, and left ven- 
tricular work fell. However, it would appear 
likely from the observations of Alexander (22), 
that when venous tone diminishes, for any given 
increment in venous blood volume the transmural 
venous pressure rises to a greater extent than 
when the venous bed is initially partially con- 
stricted. This would permit a larger fraction of 
the infused blood to enter the thorax and cardiac 
output to rise significantly. The concept that even 
small changes in venous tone may induce striking 
changes in cardiac output has previously been 
stressed by Folkow (29). 

Pertinent to this possible explanation of the data 
obtained are those studies which have demon- 
strated that venous tone in man is not constant, 
but may be altered by a variety of stimuli (30-34). 
In particular, ganglionic blockade produces veno- 
dilatation in patients in congestive heart failure 
(35, 36) and in normal subjects during muscu- 
lar exercise (34). The experiments of Freis and 
associates have also suggested that hexamethon- 
ium blocks reflex venoconstriction in normal sub- 
jects (37). These workers demonstrated that 
phlebotomies of 250 to 500 ml resulted in a strik- 
ing decline in arterial pressure only after the ad- 
ministration of hexamethonium. This would ap- 
pear to be analogous to the observation (Figure 
4) that a greater elevation of arterial pressure oc- 
curs when blood was infused in the presence of 
the Arfonad infusion than in its absence. 

Although the subjects were mildly anemic in 
the present study, whole blood was utilized instead 
of saline, dextran, plasma or albumin in order to 
avoid any acute change in the hematocrit. It has 
been demonstrated clearly in anesthetized dogs 
that acute depression of the hematocrit by the di- 
lution resulting from large intravenous infusions 
of fluid, rather than from hypervolemia per se, 
may be responsible for the elevation in cardiac 
output noted when hemodilution occurs (38-40). 
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Although there was a significant lowering of he- 
matocrit by the phlebotomies prior to the initial 
study, there were no striking differences between 
the hematocrits at the beginning and completion 
of each transfusion, nor between those obtained in 
the course of the first and second studies. The 
direct effects of partial ganglionic blockade on 
myocardial function are not considered likely to 
account for the experimental results obtained, 
since it has been demonstrated (41) that hexa- 
methonium actually depresses myocardial con- 
tractility. 

Experiments in which hypervolemia is induced 
acutely in intact human subjects may not be ideally 
suited for determining the applicability of Star- 
ling’s law of the heart to man. The presence of 
an intact autonomic nervous system results in 
failure of a significant fraction of the infused fluids 
to augment the volume of blood within the heart 
and lungs, and the stimulation of myocardial con- 
traction provided by an increased end-diastolic 
fiber length cannot result (42). Starling’s law 
of the heart in man may, perhaps, be examined 
more profitably by studying the relationship be- 
tween ventricular filling pressure or fiber length 
and ventricular stroke work under conditions in 
which significant variations in filling are induced. 
Such studies are now in progress. 


SUMMARY 


1. The cardiovascular response to transfusion 
in the absence and presence of Arfonad has been 
studied in seven human subjects with normal 
cardiovascular systems. 

2. Transfusion in the control state produced no 
significant change in central blood volume, an 
average elevation of cardiac output of 0.50 + 
1.37 L per minute and of left ventricular stroke 
work of 23.3 + 33.8 g-m. The increase in each 
of these parameters resulting from transfusion 
during partial ganglionic blockade was substan- 
tially greater and averaged 348 + 188 ml, 2.40 + 
0.61 L per minute, and 73.3 + 25.7 g-m, re- 
spectively. 

3. It is suggested that when hypervolemia is 
induced acutely in intact man marked alterations 
in circulatory dynamics are prevented by the ac- 
tivity of the autonomic nervous system, which 
results in reflex venodilatation and depression of 
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myocardial contractility. Accordingly, Starling’s 
law of the heart cannot be readily demonstrated. 
When hypervolemia is induced after the activity 
of the autonomic nervous system has been re- 
duced, more striking hemodynamic changes oc- 
cur, resembling those noted in the Starling heart- 
lung preparation when venous inflow is aug- 
mented. 
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THE EFFECT OF CHANGES IN POSTURE AND OF GRADED 
EXERCISE ON STROKE VOLUME IN MAN * 


By YANG WANG,} ROBERT J. MARSHALL anp JOHN T. SHEPHERD 
(From the Mayo Clinic and Mayo [’oundation,{ Rochester, Minn.) 


(Submitted for publication December 31, 1959; accepted March 17, 1960) 


Interest has been revived recently in the rela- 
tive importance of changes in heart rate and stroke 
volume during exercise in man. Rushmer and 
Smith have examined the literature and concluded 
that an increase in stroke volume is not an essen- 
tial feature of the ventricular response in normal 
human subjects (1, 2). Contrary views, particu- 
larly in the older literature, were attributed to dif- 
ferences in the technics used to measure cardiac 
output and in the degree of training of the sub- 
jects (1). However, in the studies reviewed by 
Rushmer, the subjects had exercised in various 
postures. This could have accounted for much of 
the apparent discrepancy (3), a point which Rush- 
mer has now emphasized (4). 

The present investigation demonstrates the im- 
portance of the posture of the subject in the inter- 


pretation of changes in stroke volume from rest 


to exercise. The stroke volume increases only 
slightly once exercise has begun, regardless of the 
severity of the exercise or the position assumed by 
the subject. 


METHODS 


Seven healthy “untrained” men, aged 25 to 35 years, 
were studied. Cardiac output was measured by the in- 
dicator-dilution method. A cardiac catheter was placed 
with its tip in the superior vena cava. The indicator, 
cardio-green dye,! was given in a dose of 7.5 mg by 
sudden injection from a specially calibrated syringe. 
The syringe was attached to the catheter throughout the 
experiment and was filled before each injection from a 
supply syringe connected to it by a three-way tap. 
Blood was sampled continuously for each dilution curve 
from the radial artery through a Wood oximeter at 


* This investigation was supported in part by a grant 
from the Minnesota Heart Association. 

+ Minnesota Heart Association, Fellow in Physiology, 
Mayo Foundation. 

}The Mayo Foundation, Rechester, Minnesota, is 2 
part of the Graduate School of the University of Minne- 
sota. 

1 Kindly supplied by Hynson, Westcott and Dunning, 
Baltimore, Md. 


rates of 28 to 50 ml per minute. The dilution curve was 
recorded on a photokymograph. Not more than 40 ml 
was withdrawn for any curve. On completion of each 
curve the blood was reinfused. 

Samples of blood were withdrawn from the radial ar- 
tery before and after each experiment. Known amounts 
of dye were added to 10 ml aliquots of blood and the re- 
sulting mixtures were drawn through the cuvet oximeter 
to permit calibration of the dilution curves. The cali- 
brations for the two samples invariably were close (Fig- 
ure 1, upper panel) and were reproducible from day to 
day. Calibrations for blood from different subjects were 
similar. Figure 1 (lower panel) also shows the mean 
values and 95 per cent confidence limits for 14 sets of 
observations from the 4 subjects who performed exercise 


mg /iliter 


BEFORE AFTER 
i) ee o-0 
(2) 


mg liter 


cm DEFLECTION 


Fic. 1. CALIBRATIONS OF DYE-BLOOD MIXTURES FOR 
SAMPLES TAKEN BEFORE AND AFTER A COMPLETE EXPERI- 
MENT ON EACH OF TWO OCCASIONS IN R.M. (UPPER 
PANEL); MEAN VALUES AND 95 PER CENT CONFIDENCE 
LIMITS OF CALIBRATIONS FOR 14 BLOOD SAMPLES IN SIX 
SUBJECTS (LOWER PANEL). The same cuvet oximeter was 
used on every occasion. 
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in the upright position and from 2 additional subjects, 
the same cuvet oximeter being used on each occasion. 

The heart rate was recorded by an electrocardiograph 
and a cardiotachometer. Radial artery pressure was re- 
corded continuously except during inscription of the in- 
dicator-dilution curves. 

In some experiments expired air was collected in a 
neoprene bag for 5 minutes with the subject at rest and 
for periods of 1 or 2 minutes during each period of exer- 
cise. Low resistance valves and tubing were used. The 
oxygen consumption so measured was used only to pro- 
vide an index of energy expenditure. Surface area was 
determined from each subject’s height and weight by the 
nomogram of Dubois and Dubois (5). 

In 9 experiments observations were made first on 4 
subjects at rest in the supine position. The observations 
were then repeated after the subject stood for 15 to 20 
minutes in a relaxed manner. This was followed by mild 
leg exercise, consisting of alternate contraction and re- 
laxation. of the calf muscle or marking time. Subsequent 
measurements were made with the subject walking up a 
treadmill, tilted at 12 degrees from the horizontal, at 1.7, 
2.5, 3.5, and 4.5 miles per hour (mph). Successive series 
of exercises were separated by periods of 10 to 15 min- 
utes during which the subject stood at ease or gently 
contracted his calf muscles. The right forearm and hand 
were fastened to a horizontal board at, or slightly below, 
heart level and the left hand gripped the board. The 
zero reference point for arterial pressure measurements 
was taken as halfway between the front and back of the 
thorax while the subject was in the supine position and 


(Subject YW) STANDING 


RADIAL 
ARTERY 


7.5mg Cetdio-gr 
into 


CARDIAC QUTPUT 
HEART RATE = 
STROKE YOLUME 


HEART RATE~ 


ECG 
FLOW thu | 
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at the level of the third costal cartilage while he was 
standing or walking. At each exercise the indicator-di- 
lution curve was recorded during the third minute. 
Cardiac output and heart rate were measured dur- 
ing the performance of leg exercise in 4 supine subjects. 
Two of the subjects in further experiments walked on 
the treadmill at 3.5 mph for 10 to 11 minutes. During 
this period the heart rate was monitored continuously 
and indicator-dilution curves were obtained at intervals. 


RESULTS 


Indicator-dilution curves obtained in the first 
experiment on Subject Y.W. are shown in Figure 
2. With the subject standing at rest the cardiac 
output was 5.7 L per minute, the heart rate 98 
beats per minute, and the stroke volume 58 ml. 
When the subject walked at 3.5 mph up the in- 
clined treadmill the cardiac output increased to 
18.8 L per minute and the heart rate to 164 beats 
per minute; the stroke volume (115 ml) was 
doubled. 

Data from the nine experiments on the four 
subjects who performed exercise in the upright 
position are shown in Figure 3 and summarized in 
Table I. During rest in the supine position the 
cardiac output was between 6.1 and 7.5 L per min- 


EXERCISE (3.5mph) 


ARTERY 


mg Cartjo-green 
into S.MIC. 


RADIAL‘ 


eee 


CUVETTE (mi ) 


Fic. 2. 


INDICATOR-DILUTION CURVES OBTAINED WITH THE SUBJECT STANDING AT REST (LEFT PANEL) AND WALK- 


ING AT 3.5 MPH ON THE INCLINED TREADMILL (RIGHT PANEL). The calibrations are shown on the right. The ver- 


tical lines with arrow heads indicate the time of injection. 


Beneath are shown the cardiotachometer record of 


heart rate, the electrocardiogram, and the interrupted line signaling the passage of each milliliter of blood through 
the cuvet. In the right panel the radial artery pressure also is shown; the instability of the baseline in the elec- 


trocardiogram is due to the rapid deep respirations. 
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EFFECT OF POSTURE AND EXERCISE ON STROKE VOLUME IN MAN 


TABLE I 


Changes in cardiac output, pulse rate, stroke volume, oxygen consumption and 
blood pressure during upright exercise 


Position 


Light exercise* Walking speed (mph) 


Standing A B 1.7 2.5 3.5 4.5 


Supine 


C.0. 7.2 6.8 14.7 17.5 20.3 
P.R. 63 83 128 150 170 
S.V. 114 82 115 117 119 
O» 280 1,500 1,970 2,380 
B.P. 140/75 125/75 135/75 150/75 165/80 
[2] C.O. 6.7 41 11.3 16.7 16.6 
PR. 68 87 116 141 157 
SV. 98 47 97 118 106 
B.P. 120/70 ‘120/80 150/75 160/80 160/85 
[3] C.O. 1.5 4.0 71 16.1 17.2 21.6 20.0 
PR. 72 90 87 130 132 168 174 
S.V. 104 44 82 124 130 129 114 
O2 280 305 390 
B.P. 135/75 135/75 135/70 140/65 140/65 155/75 160/75 


R.M. 
(2.10 m?) 


C.0 

RP. 66 87 133 170 180 

S.V. 104 71 108 122 143 

Os 300 1,530 2,410 2,820 

B.P. 130/65 115/65 175/65 185/65 180/65 
[2] C.0. 6.5 7.1 20.0 20.9 

PR. 58 75 165 177 

S.V. 121 118 

B.P. 115/65 130/75 200/70 200/70 
[3] C.0. 7.4 5.8 8.0 12.2 15.5 20.0 22.3 

RP. 63 82 80 104 158 177 183 

Sv. i 71 100 117 98 113 122 

Oz 320 340 490 1,000 

B.P. 115/65 120/70 150/70 145/65 170/70 200/75 205/75 

Y.W. 

(1.85 m?) [1] CO. 6.6 5.7 11.1 12.7 18.8 20.2 
PR. 68 98 120 132 164 174 
SV. 97 58 93 96 115 116 
Oz 280 260 1,240 1,360 1,840 2,150 
B.P. 120/70 105/70 120/50 115/55 125/60 140/70 

[2] C.0. 6.1 4.6 7.3 19.2 
PR. 65 84 80 165 
55 92 116 
300 360 
B.P. 120/65 110/65 120/65 130/60 


D.H. 
(1.73 m?) 


270 : 84 
130/60 =115/55 140/55 140/50 155/55 165/55 


* A = contraction and relaxation of calf muscles; B = marking time. 


ute. The average cardiac index for all observa- from 58 to 72 beats per minute, the systemic blood 
tions was 3.7 L in D.W., 3.3 L in R.M., and 3.4L _ pressure from 115/65 to 140/75 mm of mercury, 
in Y.W.; the cardiac index was 3.6 L in D.H. for and the stroke volume from 93 to 117 ml. Table 
a single observation. The average cardiac index II shows the stroke index which ranged from 51 
for all subjects was 3.5 L. The pulse rates were to 56 ml (average, 54 ml) and was similar from 
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STROKE VOLUME 


SUBJECT 
Exercise 
@ Stoning 
© = Supine, Resting 


STROKE VOLUME (ml) 


i 


4 


10 
CARDIAC OUTPUT (L/min) 


Fic. 3. CHANGES IN STROKE VOLUME AND CARDIAC OUTPUT IN EACH OF THE FOUR SUBJECTS. 


10 
CARDIAC OUTPUT (L /min) 


White symbols, 


data for subjects resting in supine position; black and white symbols, data while standing; black symbols, data 


at different grades of treadmill exercise. 
from which data were obtained (Table I). 


experiment to experiment in each subject (Figure 
3, Table I). 

On standing there was an increase in heart rate, 
little change in systemic blood pressure, and, on 
eight of the nine occasions, a decrease in cardiac 


output. The stroke index fell to 30 ml in three 
subjects (Table II). In R.M. the somewhat 
higher average value of 38 ml was due to a slight 
fall to 46 ml on one occasion when the subject was 
apprehensive; in each of the other two experi- 
ments in R.M. the stroke volume fell to 34 ml. 
The average stroke index for all subjects while 
standing at rest was 32 ml. This represents a fall 
of 41 per cent from the average value of 54 ml in 
the supine position. 

Mild exercise, consisting of alternate contrac- 
tion and relaxation of the calf muscles, was under- 
taken by D.W., R.M., and Y.W. The oxygen 
consumption was increased by less than 50 per 
cent (average 315 to 415 ml per minute). Cardiac 
output increased moderately and there was a re- 
duction of 2 to 4 beats per minute in heart rate. 


Numerals adjacent to the symbols indicate the particular experiment 


Thus the stroke volume increased almost to the 
level previously obtained in the supine position 
(Figure4). Moderate exercise, achieved by walk- 
ing uphill at 1.7 to 2.5 mph, was associated with a 
further rise in stroke volume to values similar to 
those obtained with the subject in the supine posi- 
tion (Tables I and II, Figure 3). Thus, at 1.7 
mph the average stroke index for all subjects was 
54 ml, and at 2.5 mph it was 56 ml, compared with 
54 ml at rest in the supine position. Severe ex- 
ercise, sufficient to increase the cardiac output to 
between 15 and 25 L per minute, was accompanied 
by a further slight though definite rise in stroke 
volume in the first three subjects (Tables I and 
II, Figure 3); D.H. did not achieve an output 
greater than 15 L per minute, and at this level the 
stroke volume was slightly less than that when 
he was at rest in the supine position. The aver- 
age stroke index at 3.5 mph was 58 ml, and at 4.5 
mph, 59 ml. 

The first three subjects achieved a cardiac out- 
put of 20 L per minute or more on at least one 
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EFFECT OF POSTURE AND EXERCISE ON STROKE VOLUME IN MAN 


TABLE II 
Stroke index and heart rate at rest and during upright exercise* 


Stroke index (ml) 


Per cent of change at 
: 4.5 mph above that 
Walking speed (mph) at rest 


Standing 1.7 2.5 3.5 4.5 Supine Standing 


Supine 


54 
53 


Heart rate (beats per minute) 


D.W. 1.91 68 87 125 141 165 174 +156 +100 
R.M. 2.10 62 81 119 164 171 180 +190 +122 
Y.W. 1.85 66 91 120 132 165 174 +164 a 
D. f. 96 126 166 


* Table shows average values for all experiments in each of three subjects, and values for the single experiment in 


D.H 


occasion, and heart rates of 174 to 183 beats per an oxygen consumption of 2,030 ml per minute, 
minute. The oxygen consumption increased in an increase of 8.0 times the resting value. 

D.W. to 2,380, in R.M. to 2,820, and in Y.W. to Arteriovenous difference in oxygen content was 
2,150 ml per minute, in comparison with their re- calculated from the oxygen consumption and 
spective values of 280, 300, and 280 at rest in the cardiac output (Figure 6). At rest in the supine 
supine position; these increases are 8.5, 9.4, and __ position the values were 3.9 to 4.3 ml per 100 ml 
7.7 times the values prior to the increase (Figure of blood. With moderate exercise there was an 
5). The levels of exercise were approaching the increase to 10 to 12 ml per 100 ml. Little further 
maximum which the subjects could maintain for change occurred in the arteriovenous oxygen dif- 
the necessary 3 minutes. The fourth subject ference even with the severest exercise under- 
(D.H.) achieved a maximal output of 15.3 L per taken. 

minute, a heart rate of 168 beats per minute and Data from the four subjects who performed leg 
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Fic. 4. RELATIONSHIP BETWEEN HEART RATE AND STROKE VOLUME IN ONE 
EXPERIMENT FROM EACH OF THREE SUBJECTS. Symbols used are the same as 
in Figure 3. Note the tachycardia and fall in stroke volume with the sub- 
ject standing, and the slight bradycardia and marked rise in stroke volume 
on performing light exercise in the upright position. 


Subj. BSA 

: D.W. 1.91 55 30 59 64 62 60 +9 +100 | 
RM. 2.10 54 38 52 56 61 +13 +61 i 

YW. 1.85 31 30 52 62 63 +23 +110 

D.H. 1.73 56 30 55 53 51 -9 +70 a 
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are the same as those in Figure 3. 


exercise on a cycle ergometer while supine are 
presented in Table III. The exercise was arbi- 
trarily graded as mild, moderate or severe. There 
was a definite, though slight, increase in stroke 
volume during exercise; with the severest exer- 


cise the stroke volume was 10 to 20 per cent 


greater than that while at rest. In Figure 7 the 
data obtained for Y.W. are compared with those 
on the other occasions when he exercised in the 
upright position. 


RELATION BETWEEN CARDIAC OUTPUT AND OXYGEN CONSUMPTION AT REST 
IN THE SUPINE AND THE STANDING POSITIONS AND DURING EXERCISE, 


Symbols used 


The effects of severe exercise maintained for 
10-minute periods are shown in Figure 8. In 
R.M. the pulse rate increased from 80 to 165 
beats per minute within 2 minutes and was steady 
for the remainder of the exercise ; the blood pres- 
sure increased from 132/75 to 200/70 mm of 
mercury and also remained fairly steady for the 
next 8 minutes. Values obtained for cardiac out- 
put were about 20 L per minute at 2 and 3.5 min- 
utes, 17 L per minute at the sixth minute and 19 
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Fic. 6. RELATIONSHIP BETWEEN OXYGEN CONSUMPTION AND ARTERIOVENOUS DIFFER- 


ENCE IN OXYGEN CONTENT (ONE EXPERIMENT FROM EACH SUBJECT). 
shown were obtained with subject at rest in the supine position. 


The lowest values 
The interrupted line 


shows the regression line obtained by Donald and associates (6) plotted for the hy- 
pothetical man with a body surface area of 1.73 m’. 
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EFFECT OF POSTURE AND EXERCISE ON STROKE VOLUME IN MAN 


TABLE IiIl 
Changes in cardiac output, heart rate and stroke volume during exercise while supine 


Condition 


Cardiac 
output 


Stroke 
index 


Stroke 
volume 


Heart 
rate 


Rest 

Rest 

Moderate exercise 
Moderate exercise 
Severe exercise 


Rest 
Rest 
Severe exercise 
Severe exercise 


Rest 
Rest 
Moderate exercise 
Moderate exercise 


Rest 

Rest 

Mild exercise 
Mild exercise 
Moderate exercise 
Severe exercise 
Severe exercise 


beats/min 


L per minute at the tenth minute. In Y.W., the 
pulse rate increased from 80 to 153 beats per min- 
ute at the second minute, but continued to rise 


slowly throughout the period of- exercise, reaching 


189 beats per minute at the tenth minute. The 
systolic blood pressure increased by only 10 mm 
of mercury; the diastolic pressure initially fell 


from 75 to about 60 mm of mercury and then 
gradually increased to 70 mm of mercury at the 
tenth minute. The cardiac output was 7.2 L per 
minute with the subject standing at rest; 19 L at 
3.5 minutes of exercise, 22.5 L at 6 minutes, and 
25 L at the tenth minute; corresponding values 
for stroke volume were 93, 116, 130, and 133 ml. 


8 


. STROKE VOLUME (ml) 
a 


SUBJECT 


CARDIAC OUTPUT 


10 


15 
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20 


Fic. 7. CHANGES IN STROKE VOLUME IN Y.W. DURING LEG EXERCISE WHILE 
SUPINE (WHITE CIRCLES), COMPARED WITH DATA OBTAINED WITH SUBJECT AT 
REST AND DURING EXERCISE IN THE UPRIGHT POSITION. Symbols as for Y.W. 


in Figure 3. 


Subj. — | | || | | | 
L/min — ml 
j.B. 7.30 73 100 51 a. 
6.80 71 96 49 : 
12.20 117 104 53 fe) 
12.60 125 101 52 se 
15.00 140 107 55 a 
W.M. 7.25 57 127 59 = 
7.20 57 126 59 = 
16.50 115 143 67 sie 
15.95 113 141 66 se: 
H.H. 8.15 93 88 49 : 
7.85 96 82 46 : 
13.90 142 98 54 : 
12.30 132 93 52 
5.35 59 91 49 
5.65 61 93 50 - 
8.70 90 97 52 
8.75 89 98 53 
10.90 100 109 59 
13.40 120 112 61 ae 
15.10 138 109 59 ee 
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HEART RATE 
(beats /min) 


SYSTEMIC 
BLOOD PRESSURE 
(mm Hg) 


SYSTOLIC 


SYSTOLIC 


DIASTOLIC 


STROKE VOLUME 
(ml) 


CARDIAC OUTPUT 
(L/min) 


Subject: Y.w. 


1 J 


minutes of EXERCISE 


4 6 8 10 
minutes of EXERCISE 


' 
~ 


Fic. 8. THE EFFECT OF CONTINUED EXERCISE WHILE UPRIGHT IN R.M. (LEFT PANEL) AND Y.W. (RIGHT PANEL) 
ON HEART RATE, BLOOD PRESSURE, STROKE VOLUME AND CARDIAC OUTPUT. 


DISCUSSION 


Donald, Bishop, Cumming and Wade (6) found 
that during supine leg exercise the arteriovenous 
oxygen difference and cardiac output reach a 
steady state after the first minute. In the present 
experiments, pulse rate (except in Y.W.) and 
blood pressure became stable in 1.5 to 2 minutes 
and cardiac output was therefore determined dur- 
ing the third minute of exercise. However, ob- 
servations made during prolonged severe upright 
exercise indicate the difficulty in achieving a steady 
state under these conditions (Figure 8). Thus, 
in Y.W. the heart rate and cardiac output con- 
tinued to rise gradually throughout exercise, while 
in R.M. the heart rate remained relatively steady. 
It is difficult for untrained subjects to maintain 
precisely the same work level during prolonged 
severe exercise, and a constant treadmill speed is 
no guarantee that the subject’s cardiac output will 
become steady. 

The indicator-dilution technic, when combined 


with a continuous recording of the changes in dye 
concentration in arterial blood, is well suited for 
the determination of cardiac output in man during 
It is unnecessary to have a catheter in 
the pulmonary artery to draw mixed venous blood 
samples, and a steady state needs to be maintained 
only during the short time required for inscription 


exercise. 


of the dilution curve. With higher cardiac out- 
puts, the time required for inscription of the indi- 
cator-dilution curve becomes less and with the 
severest exercise in the present experiments the 
curve was completed within 20 seconds after the 
injection of dye. 

We believe that, when particular attention is 
paid to obtaining satisfactory calibration curves 
for the concentration of dye in blood, and when the 
dye is injected into the central circulation, the in- 
dicator-dilution method accurately measures the 
cardiac output in resting subjects. However, it 
is probable that the results are less accurate when 
cardiac output is greatly increased. Under this 
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circumstance, the area subtended by the dilution 
curve is much less than that during rest, and 
hence inaccuracies in its measurement are more 
likely, Further, as a result of the profound al- 
terations in the systemic distribution of blood flow 
that occur during exercise, clearance of dye from 
blood at the sampling site between the end of its 
primary circulation and its first recirculation in 
some, but not all, subjects is relatively less com- 
plete than when they are at rest. Hence, extrap- 
olation of the disappearance slope in an attempt 
to exclude the measurement of recirculating dye 
may be subject to more than the usual inaccuracy. 

Stroke volume at rest and during exercise in 
- the upright position. The cardiac index in the 
subjects resting in the supine position averaged 
3.5 L. This is similar to values obtained in 
young adult males of 3.4 (7), 3.3 (8), 3.6 (9), 
and 3.5 (10) L by the direct Fick method. The 
stroke index averaged 54 ml. When the subject 
stood, the stroke index fell to an average value 
of 32 ml. Extremely light exercise in the upright 
position, consisting of contraction and relaxation 
of the calf muscles but insufficient to increase the 
oxygen consumption by more than 50 per cent, 
caused the stroke index to approach the value 
obtained in the supine position. With exercise 
resulting in a cardiac index of about 5 to 10 L, 
the stroke index was similar to that at rest in the 
supine position, though there were slight varia- 
tions from one experiment to another. With se- 
vere exercise and a cardiac index of up to 12 L, 
the average value for stroke index for the four 
subjects was 59 ml. 

We are aware of only two studies in which car- 
diac output and heart rates have been measured in 
subjects at rest, in the standing position and dur- 
ing exercise. Theilen, Gregg and Rotta (11) 
found an increase in stroke index from 33 ml, 
while the subject stood at rest, to 51 ml during 
moderate exercise (cardiac index 8 L) in seven 
medical students, at sea level. Mitchell, Sproule 
and Chapman (12) found an increase in stroke 
volume from 62 ml while standing to 125 ml dur- 
ing severe exercise when the average cardiac out- 
put was 23 L. Our results are similar, the stroke 
index increasing from 32 to 54 and 56 ml with 
moderate exercise and to 59 ml with severe exer- 
cise. With even the mildest exercise the stroke 
index increases toward the value obtained while 
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the subject is resting in the supine position, to 
show only a small further increase above this value 
even with severe exercise. 

Stroke volume during exercise in the supine 
position. Dexter and co-workers (13) found that 
light leg exercise while the subject was supine in- 
creased the average stroke index from 41 to 51 ml 
in a group of seven healthy adults. Barratt-Boyes 
and Wood (10) noted an average increase from 
49 to 59 ml with comparable leg exercise in 11 
adults. Severe exercise, sufficient to increase the 
cardiac index to 9 L or more, was undertaken by 
four subjects in the study of Donald and associ- 
ates (6). They noted an average increase in 
stroke index from 55 ml during rest to 62 ml 
while exercising. Thus during leg exercise while 
in the supine position, there is a slight increase in 
stroke volume. The observation in the present 
study, that the stroke index increased in four sub- 
jects by 10 to 20 per cent during severe exercise, 
supports this conclusion. 

Relation of present findings to those of previous 
workers. Rushmer (1) has discussed the discrep- 
ancies in the findings of earlier workers concern- 
ing changes in stroke volume during exercise. 
In his opinion, “the traditional view that stroke 
volume and heart rate should increase by rela- 
tively similar degrees to achieve greater cardiac 
output stemmed from indirect measurements in- 
volving use of CO, or foreign gases such as nitrous 
oxide, acetylene and ethyl iodide. These methods 
have been largely abandoned in favor of cardiac 
catheterization and indicator-dilution technics.” 
However, the magnitude of the increase in stroke 
volume during severe upright exercise depends on 
the baseline to which it is related (Table II). If 
this is the value obtained with the subject at rest 
in the supine position, the increase is slight (— 9 
to + 23 per cent) compared with the large in- 
crease in heart rate (+ 156 to + 190 per cent). 
If it is the value obtained at rest while standing, 
the increase is considerable (+61 to + 110 per 
cent) and comparable with the increase in heart 
rate (+ 77 to + 122 per cent). 

Nevertheless, there is still a conflict between 
results obtained by the earlier workers who stud- 
ied changes in stroke volume in subjects sitting 
on a bicycle ergometer and exercising. Thus, 
Douglas and Haldane (14), using the carbon di- 
oxide method, found that the stroke volume was 
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the same with the subject supine, sitting on the 
cycle, or exercising, while Bock and associates 
(15), also using the carbon dioxide method, found 
increases of 36 to 110 per cent with exercise in 
three normal subjects. Henderson, Haggard and 
Dolley (16), using the ethyl iodide method, 
found no increase in stroke volume in untrained 
subjects, but Christensen (17), using the acetyl- 
ene method, found that it increased from 60 ml 
during rest to between 100 and 200 ml during 
exercise. These discrepancies are not necessarily 
due to inadequacy of technics. The careful study 
of Asmussen and Nielsen (18), in which stroke 
volume was measured simultaneously by the indi- 
cator-dilution and acetylene methods, with identi- 
cal results, suggests that the inert gas methods 
cannot necessarily be regarded as unsuitable for 
determination of cardiac output. An alternative 
explanation might be that the posture and degree 
of relaxation of the subject sitting on the cycle 
varied. Thus the resting value for stroke volume 
of 60 ml obtained by Christensen (17) is similar 
to that of subjects standing in a relaxed manner, 
while the resting value obtained by Douglas and 
Haldane (14) was twice as great, suggesting that 


their subjects may have been sitting in a less re- 
laxed posture. 

The present studies suggest that for a given 
person the stroke volume increases only slightly 
once exercise has begun, regardless of whether 
the subject is supine or standing. During rest, 
however, the value for stroke volume depends on 


the body position. The results of earlier workers, 
such as Bock and associates (15), who used the 
carbon dioxide method and Christensen (17), 
who used the acetylene method, are consistent with 
this interpretation. 


SUMMARY 


Cardiac output, heart rate, and stroke volume 
were measured in four healthy, untrained men at 
rest in the supine position, at rest standing and 
during exercise in the upright position. The ex- 
ercise varied in severity from gentle movements 
of the calf muscles and marking time to walking 
at 4.5 mph up a treadmill inclined at 12 degrees 
from the horizontal. This severe exercise was 
associated with cardiac outputs of 15 to 25 L per 
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minute and oxygen consumptions of 2.0 to 2.8 
L per minute. 

The cardiac index of subjects at rest in the 
supine position averaged 3.5 L, and the stroke 
index averaged 54 ml. When the subject stood, 
there was a fall in cardiac output and an increase 
in heart rate. The stroke index averaged 32 ml, 
a fall of 41 per cent. Mild exercise was sufficient 
to restore the stroke index almost to the value ob- 
tained with the subject at rest in the supine posi- 
tion. With moderate exercise in the upright posi- 
tion the stroke index was similar to that obtained 
when the subject was at rest in the supine position 
and with the severest exercise it increased to 59 
ml. 

It is probable that the apparent discrepancies 
in previous reports were due to variations in 
the circumstances under which resting values for 
stroke volume were obtained rather than to inade- 
quate technics for measuring cardiac output. Thus, 
if the stroke volume obtained during severe exer- 
cise in the upright position is compared with that 
obtained when the subject is at rest in the supine 
position, the increase is slight (— 9 to + 23 per 
cent) compared with the increase in heart rate 
(+ 156 to + 190 per cent). If the comparison 
is made with the value obtained when the sub- 
ject is standing at rest, the increase in stroke vol- 
ume (+61 to +110 per cent) is comparable 
with that in the heart rate (+ 77 to + 122 per 
cent). 


ACKNOWLEDGMENT 


We wish to thank Miss Lucille Cronin, Mrs. Jean 
Frank and Miss Rita Schmelzer for their advice and 
assistance. 


REFERENCES 


1. Rushmer, R. F. Constancy of stroke volume in 
ventricular responses to exertion. Amer. J. Phys- 
iol. 1959, 196, 745. 

2. Rushmer, R. F., and Smith, O. A., Jr. 
trol. Physiol. Rev. 1959, 39, 41. 

3. Wang, Yang, Shepherd, J. T., and Marshall, R. J. 
Relative contribution of heart rate and stroke 
volume to changes in cardiac output in man (ab- 
stract). Circulation 1959, 20, 781. 

4. Rushmer, R. F. Postural effects on the baselines of 
ventricular performance. Circulation 1959, 20, 
897. 

5. Dubois, D., and Dubois, E. F. The measurement of 
the surface area of man. Arch. intern. Med. 1915, 
15, 868. 


Cardiac con- 


g 
5 
4 


EFFECT OF POSTURE AND EXERCISE ON STROKE VOLUME IN MAN 


. Donald, K. W., Bishop, J. M., Cumming, G., and 
Wade, O. L. The effect of exercise on the cardiac 
output and circulatory dynamics of normal sub- 
jects. Clin. Sci. 1955, 14, 37. 

. Cournand, A., Riley, R. L., Bradley, S. E., Breed, 
E. S., Noble, R. P., Lauson, H. D., Gregersen, 
M. I., and Richards, D. W. Studies of the cir- 
culation in clinical shock. Surgery 1943, 13, 964. 

. Stead, E. A., Jr., Warren, J. V., Merrill, A. J., and 
Brannon, E. S. The cardiac output in male 
subjects as measured by the technique of right 
atrial catheterization. Normal values with ob- 
servations on the effect of anxiety and tilting. 
J. clin. Invest. 1945, 24, 326. 

. Ebert, R. V., Borden, €. W., Wells, H. S., and 
Wilson, R. H. Studies of the pulmonary circu- 
lation. I. The circulation time from the pulmonary 
artery to the femoral artery and the quantity of 
blood in the lungs in normal individuals. J. clin. 
Invest. 1949, 28, 1134. 

10. Barratt-Boyes, B. G., and Wood, E. H. Hemo- 
dynamic response of healthy subjects to exercise 
in the supine position while breathing oxygen. 
J. appl. Physiol. 1957, 11, 129. 

. Theilen, E. O., Gregg, D. E., and Rotta, A. Exer- 
cise and cardiac work response at high altitude. 
Circulation 1955, 12, 383. 


32: 


13, 


1061 


Mitchell, J. H., Sproule, B. J., and Chapman, C. B. 
The physiological meaning of the maximal oxygen 
intake test. J. clin. Invest. 1958, 37, 538. 

Dexter, L., Whittenberger, J. L., Haynes, F. W., 
Goodale, W. T., Gorlin, R., and Sawyer, C. G. 
Effect of exercise on circulatory dynamics of 
normal individuals. J. appl. Physiol. 1951, 3, 439. 


. Douglas, C. G., and Haldane, J. S. The regulation 


of the general circulation rate in man. J. Physiol. 
(Lond.) 1922, 56, 69. 


. Bock, A. V., Vancaulaert, C., Dill, D. B., Folling, 


.A., and Hurxthal, L. M. Studies in muscular ac- 
tivity. III. Dynamical changes occurring in man 
at work. J. Physiol. (Lond.) 1928, 66, 136. 


. Henderson, Y., Haggard, H. W. and Dolley, F. S. 


The efficiency of the heart and the significance of 
rapid and slow pulse rates. Amer. J. Physiol. 
1927, 82, 512. 


. Christensen, E. H. Beitrage zur Physiologie schwerer 


korperlicher Arbeit. V. Mitteilung: Minuten- 
volumen und Schlagvolumen des Herzens wahrend 
schwerer korperlicher Arbeit. Arbeitsphysiologie 
1931, 4, 470. 


. Asmussen, E., and Nielsen, M. The cardiac output 


in rest and work determined simultaneously by the 
acetylene and the dye injection methods. Acta 
physiol. scand. 1953, 27, 217. 


ERRATUM 


Shafrir, E., and Steinberg, E. The Essential Role of the 
Adrenal Cortex in the Response of Plasma Free Fatty Acids, 


Cholesterol, and Phospholipids to Epinephrine Injection. 
The authors report an important 
On p. 310, column 2, line 16, read: 


Invest. 1960, 39 (February). 
error in the Methods section. 


J. clin. 


“150 ml acetic anhydride” instead of “50 ml.” 
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EFFECT OF DIETARY PROTEIN AND WATER CONTENT, 
ROLE OF UREA, AND RESPONSIVENESS TO ANTI- 
DIURETIC HORMONE * 


By C. M. EDELMANN, Jr.,f H. L. BARNETT anno V. TROUPKOU 


(From the Department of Pediatrics, Bronx Municipal Hospital Center-Albert Einstein 
College of Medicine, Yeshiva University, New York, N. Y.) 


(Submitted for publication January 20, 1960; accepted March 17, 1960) 


Measurements of the concentration of osmoti- 
cally active solutes in the urine of dehydrated in- 
fants have demonstrated a gradual increase from 
birth through the first weeks of life, with adult 
levels being attained only after several months 
(1-13). 

The minimal response noted in infants to ad- 
ministration of vasopressin has led many ob- 
servers (2, 5, 8, 11, 12) to the conclusion that 
due to immaturity the renal tubules are relatively 
insensitive to antidiuretic hormone (ADH). 


However, failure to observe a decrease in rate 
of urine flow or an increase in urine osmolality 
in response to vasopressin cannot be interpreted 
simply as resistance to the hormone per se, since 


other aspects of the concentrating mechanism, 
quite distinct from the role of ADH (14-16), 
must also be taken into consideration. These in- 
clude the concentration of sodium in renal tissue 
along an osmotic gradient from cortex to medulla 
by active sodium transport in Henle’s loop, and 
maintenance of this gradient, despite the medullary 
blood flow, through the orientation of the postglo- 
merular capillaries which perform as countercur- 
rent exchangers. 

The length of the loop of Henle in its function 
as a countercurrent multiplier is of considerable 
importance. The length of this segment in vari- 
ous species correlates well with maximal concen- 
trating performance. It is short in early infancy 
and increases in length with advancing age (17). 

The special role of urea in the concentrating 
process has been emphasized by Berliner, Levin- 
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from the Kidney Disease Foundation of New York, and 
the Sylvan League, Inc. 
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sky, Davidson and Eden (14) and by Schmidt- 
Nielsen and O’Dell (18, 19). Protein or urea 
added to the diet of adults has been shown by Ep- 
stein, Kleeman, Pursel and Hendrikx (20) to 
produce a significant increase in maximal urine 
osmolality at low rates of urine flow during hy- 
dropenia and in the maximal rate of reabsorption 
of free water (Tm*y,9) during mannitol diuresis. 
In rats fed urea, Crawford, Doyle and Probst (21) 
have demonstrated production of smaller daily 
urine volumes and higher concentrations of both 
urea and nonurea solutes than in rats treated simi- 
larly but not fed urea. 

In observations in adults, Epstein and associates 
(22) and De Wardener and Herxheimer (23) 
have shown that the response to dehydration and 
vasopressin administration, as measured by maxi- 
mal urine osmolality, decreases markedly follow- 
ing several days of forced drinking. 

In the present investigation the effects of vari- 
ous levels of intake of protein, urea, sodium chlo- 
ride, and water on the concentrating mechanism 
of young full-term and prematurely born infants 
were examined. 


METHODS 


Observations were made on full-term and prematurely 
born infants whose ages and weights are indicated in 
Table I. 

Dietary loading. Paired observations, separated gen- 
erally by 5 to 10 days, were made on each infant. For 
3 to 7 days prior to each observation the infants were 
maintained on isocaloric diets, as specified in Table I. 

In Group I, the diet was varied to provide a high 
protein intake in a low volume priot to the first observa- 
tion, and a low protein intake in a high volume prior 
to the second. The diet of Group 2 was of constant vol- 
ume but provided a high intake of protein prior to the 
first observation and a low intake prior to the second. 
Two infants (Group 2A) were observed while on uni- 
form diets except for the addition of a daily supplement 
of urea or sodium chloride prior to the first observation. 
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TABLE I 
Concentrating performance at low and high rates of urine flow 


Observations during unmodified 
hydropenia 


Daily dietary intake Serum Urine Observations during 
i.v. infusion 


B Pro- Vol- Supplementary Uosm 
Subject Weight tein ume urea or NaCl Posm* Urea N Vv Total Urea Cin Cran Tm*n,0 


mOsm/ mg/_ ml/min/ 
g/kg ml/kg kg 100ml 1.73 m* mOsm/kg ml/min/1.73 m*® 
Group 1 
0.540 940 303 60.4 194 4.4 
1,45 425°: ; 193 0.0 


0.297 857 326 
0.396 508 17 


0.533 993 214 
0.516 690 56 


0.688 933 197 
0.373 661 71 


106 318 
241 315 


114 308 
209 313 


121 310 
213 350 


117 360 
205 319 


— 


w 
SS CH AD wn 


Ne NO NM 
SCS SSO OW 


2,100 
2,310 
1,740 
1,980 
2,880 
3,170 
2,900 
3,200 


834 298 
622° 


707 +336 
560 71 


712 336 
580 54 


827 338 
690 120 


1,139 484 
834 158 


161 340 
150 302 


178 312 
164 310 


180 308 
175 295 


181 318 
167 308 


159 325 
165 300 
165 


38 
o 
ae Ne 


& Go LN 
22 SE 


SS On SOS SO 


Mo 


8. 
2. 
9. 
9. 
2: 
8. 
2. 
2. 


Group 2A 
2,060 


g 


180 Urea, 2.21 g/kg 325 425 
180 None 323 .0 0.166 730 40 


2,260 3 160 NaCl, 250 mg/kg 
None 


12 0 0.473 616 69 
12 3 160 K 


3 
330 ; 0.293 931 124 


0.113 615 86 
0.184 573 183 


0.314 825 338 
0.357 745 223 


0.492 864 330 
0.564 808 376 


0.290 657 178 20.9 71 
0.476 527 191 283 88 


0.293 670 263 53.7 197 3. 
595 296 186. 2. 


117 300 
200 310 


132 321 
226 290 


127 300 
237 312 


124 320 
215 297 


123 319 
214 340 


2,140 12 
19 


2,560 6 
13 


3,240 20 
27 


1,960 13 
20 


Bo 2 1,900 24 
17 


Noe 


min NF COS 


Www 


* Several values for Posm are unexpectedly high. Although these values generally were associated with elevated serum 
electrolyte concentrations, later observations following the same degree of water deprivation failed to yield similarly 
elevated values, suggesting a methodological error. However, assuming such error, only slight and insignificant differ- 
ences would result in derived data and therefore the figures for serum osmolality were used as shown. 
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GROUP | 


High Protein Low Protein 
Low Volume — High Volume 


GROUP 2 
High Protein Low Protein 


GROUP 3 
Low Volume High Volume 
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Uosm 
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kg H2O 
700 
600 
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EFFECT OF DIETARY PROTEIN AND WATER CONTENT ON MAXIMAL URINARY OSMOLALITY 


MEASURED DURING HYDROPENIA, 


The diet of Group 3 was constant except for water con- 
tent, providing a low volume prior to the first and high 
volume prior to the second observation. 

The observations were arranged so that any increase 
in concentrating performance that might result from 
greater maturity with increasing age would be opposite 
to the effect expected from the particular diet. The 
infants were thirsted and fasted uniformly for 12 to 14 
hours prior to each observation. 

For the determination of maximal concentrating per- 
formance at low rates of urine flow, several timed urine 
specimens were obtained at the beginning of each ob- 
servation, the infants being disturbed as little as possible. 
In order to obviate the introduction of a painful stimulus, 
which has been shown in infants to influence both glo- 


GROUP | 


High Protein 
Low Volume 


Low Protein 
High Volume 


GROUP 2 


High Protein 


merular filtration rate (GFR) and ADH release, vaso- 
pressin was not administered during the initial observa- 
tion periods. However, it has been demonstrated re- 
peatedly that vasopressin does not augment the maximal 
ADH effect resulting from dehydration. Following the 
initial collection periods, a majority of subjects was 
given a saline infusion and priming injection containing 
inulin, para-aminohippurate (PAH), and vasopressin. 
The priming dose of vasopressin was 50 mU per m’, the 
sustaining dose 0.75 mU per minute per m’. All fluids 
were infused at a constant rate of 10 to 12 ml per minute 
per 1.73 m*. After equilibration and 2 to 4 additional 
collection periods, mannitol was added to the infusion 
in a concentration of 10 per cent and collections were 
continued until the rate of urine flow reached a plateau. 


GROUP 3 


Low Protein Low Volume High Volume 


34 


3.0 


2.6 


EFFECT OF DIETARY PROTEIN AND WATER CONTENT ON MAXIMAL U/P OSMOLAL RATIO 
MEASURED DURING HYDROPENIA, 
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GROUP 1 


High Protein Low Protein 
Low Volume —_ High Volume 


GROUP 2 


High Protein 


GROUP 3 


Low Protein Low Volume High Volume 


Tmo H2O 3 
ml /min/ 
73 M2 aL 


Fic. 3. EFFECT OF DIETARY PROTEIN AND WATER CONTENT ON TM‘u,.0 MEASURED DURING MAN- 
NITOL DIURESIS AND VASOPRESSIN ADMINISTRATION. 


Acute loading. Several unpaired observations were 
carried out on infants maintained on a diet providing 2.3 
to 2.6 g of protein per kg per day and 160 to 180 ml per 
kg per day. These observations likewise were preceded 
by a period of 12 to 14 hours of complete thirsting and 
fasting. After several hours of baseline observation, urea 
was administered through a stomach tube and additional 
urine samples were collected for 2 to 3 hours. 

The osmolality of urine and serum was determined by 
measurement of the freezing point depression, using a 
Fiske osmometer with a semi-micro adapter. Urea ni- 
trogen was determined by a modification of the methods 
of Friedman (24), Marsh, Fingerhut and Kirsch (25), 
and Natelson (26); inulin was determined by a modi- 


fication of the method of Schreiner (27) ; and PAH by a 
modification of the method of Smith and co-workers 
(28). 


RESULTS 


Group 1: High protein, low volume diets and 
low protein, high volume diets (Figures 1, 2 and 
3, Tables I-1 and II-1). Following water depriva- 
tion, significantly greater values for maximal urine 
osmolality, maximal urine-plasma (U/P) osmolal 
ratio, and Tm‘y,9 were observed in each infant 
following ingestion of the high protein, low volume 


TABLE II 
Statistical analysis of derived data 


Serum Uosm 


UosmV 


urea 


Group nitrogen Vv Total Urea 


Total Urea 


ml/min 
1.73 m* 


me/ 
100 ml mOsm/kg 
High protein, 
low volume 28.9 0.514 931 260 

Low protein, 
high yolume 571 40 


<0.01 0.02 
844 358 


657 100 
<0.01 <0.001 


726 239 


650 254 
<0.01 0.7 


0.604 
0.7 


0.488 


0.394 
0.4 


0.300 


0.05 
High protein 26.5 


Low protein 9.4 
p 0.01 
Low volume 21.3 


High volume 21.4 0.387 
p 1.0  0.02-0.05 


wOsm/min/ 1.73 m?* ml/min/1.73 m? 


485 128 0.96 4.60 


0.38 1.77 


0.01 0.05-0.1 
0.85 3.50 


0.51 2.52 
0.05-0.1 0.05 


0.43 3.2 


2.0 
0.05-0.1 


321 19 
0.1-0.2 


434 180 


275 47 
0.10 


228 81 


0.45 
0.5 


258 104 
0.02-0.05 0.10—0.20 


* Student’s ¢ test for paired data (29). 
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diets. The concentration of blood urea nitrogen 
and the rates of excretion of osmotically active 
solutes were greater during observations follow- 
ing ingestion of the high protein diets, although 
the differences observed in rates of total solute 
excretion are of questionable significance. 

Group 2: High protein and low protein diets 
(Figures 1, 2 and 3, Tables I-2 and I1-2). Re- 
sults in these infants were similar to those in the 
first group. Values for maximal urine osmolality, 
maximal U/P osmolal ratio, and Tm‘y,o0 were 
consistently greater during hydropenia in infants 
given high protein feeding. In one 25 day old 
infant, the concentration of osmotically active uri- 
nary solutes was as high as 1,139 mOsm per kg. 
The decrease in maxima: urine osmolality ob- 
served after low protein feeding paralleled the 
decrease in urine urea content. 

Group 2A: Effect of adding urea or sodium 
chloride to the diet (Table I-2A). In one pre- 
mature infant, the addition of urea to the diet, in 
an amount calculated to provide a rate of urea ex- 
cretion comparable to that observed during high 
protein feeding, resulted in changes in concen- 
trating performance similar to those observed fol- 
lowing diets of high protein. As in the first and 
second group of infants, the rate of excretion of 
urea, the blood urea nitrogen concentration, and 
the urine urea nitrogen concentration were greater 
following ingestion of the diet with urea supple- 
ment. 

The addition of sodium chloride to a basal diet 
in place of urea as a solute load was studied in one 
infant. Rates of excretion of total and nonurea 
solute were greater following sodium chloride sup- 
plementation, although the increases were slight 
and not as great as those after urea supplementa- 
tion. However, maximal urine osmolality and 
U/P osmolal ratio were lower following ingestion 
of the diet with added salt. 

Effect of acute urea loading (Figure 4). Ad- 
ministration of urea, in amounts ranging from 50 
to 300 mg per kg body weight, resulted in three 
types of response; representative observations are 
diagrammed in Figure 4. Following small urea 
loads, no change was noted in urine volume or 
osmolality. In the majority of infants, striking 
and proportional increases in both rates of urine 
flow and rates of solute excretion were observed, 
but with no changes in the concentration of total 
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Fic. 4. Errect OF ACUTE UREA LOADING ON RATE OF 
URINE FLOW, RATES OF EXCRETION OF TOTAL, UREA, AND 
NONUREA SOLUTE, AND CONCENTRATION OF URINARY 0S- 
MOTICALLY ACTIVE SOLUTE. 


urinary solute. Nevertheless, these infants did 
demonstrate an increase in the ratio of urea to 
nonurea solute. In several infants, increases in 
both rates of urine flow and of solute excretion 
were noted, accompanied by an increase in con- 
centration of total urinary solutes. Increases in 
rates of solute excretion with urea loading were 
found to be the result primarily of increases in 
rates of urea excretion, since the increase in urine 
osmolality was almost exclusively in the urea 
fraction. 

Group 3: Low volume and high volume diets 
(Figures 1,2 and 3, Tables I-3 and II-3). Values 
observed for maximal urine osmolality, maximal 
U/P osmolal ratio, and Tm*y.0 were greater fol- 
lowing feeding of low volume diets. In contrast 
with the other groups, these findings were accom- 
panied by significantly lower rates of urine flow. 
The greater concentrations of osmotically active 
solutes in the urine were accompanied by de- 
creased rates of total solute excretion and osmolal 
clearance, with no change in the rates of excretion 
of urea. 


DISCUSSION 


Current evidence suggests that the action of 
the antidiuretic hormone is to increase the perme- 
ability of certain segments of the renal tubule to 


Urea 
300mg/kg 
0.8 800 
0.6 600 
2 0.4 400 
Uosm 
rea mOsm/ 

sm 
0.8 |200m9/kg 800 kg 
ml J/min / 
AS 400 

min 

Urea M2@ 
0.8 50 mg/kg 800 
0. 400 LASOLUTES 
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RENAL CONCENTRATING MECHANISMS IN NEWBORN INFANTS 


water and that urine hypertonic to plasma is pro- 
duced by the abstraction of water from an isotonic 
precursor (14). During hydropenia, with mini- 
mal rates of urine flow, only very small volumes 
of osmotically free water must be reabsorbed at 
the concentrating site to produce urine several 
times hypertonic to plasma. Theoretically, reab- 
sorption in the collecting tubule of only 2 ml of 
water per minute per 1.73 m?, concomitant with a 
rate of urine flow of 0.5 ml per minute per 1.73 m?, 
would permit formation of urine with a solute 
concentration of 1,500 mOsm per kg. Measure- 
ments in infants of the rate of reabsorption of os- 
motically free water during mannitol diuresis 
(Table I) yield values as high as 3 to 4 ml per 
minute per 1.73 m?, indicating that in infants, as 
in adults, the factor limiting maximal urinary 
osmolality at low rates of urine flow is not the 
maximal rate at which tubular water can be re- 
absorbed. Thus it would appear that the fail- 
ure of the young infant to achieve levels of urinary 
osmolality observed in the adult during prolonged 
dehydration is not due to inadequate permeability 
of the tubule to water in response to ADH. This 
suggests the possibility that differences may exist 
between infants and adults in the mechanisms re- 
sponsible for the production of an area of hyper- 
tonicity around the collecting tubule. 

The usual dietary intake of protein in infants is 
relatively high when compared with adults on the 
basis of body weight but is approximately the same 
when compared on the basis of surface area. It 
is not possible to establish a physiological standard 
of reference for such comparisons (30). How- 
ever, independent of standards of reference, the 
infant excretes a considerably smaller percentage 
of the nitrogen of his diet than does the adult, due 
to a strongly anabolic state. In addition, in the 
very young infant the percentage of total nitrogen 
excreted as urea is lower than in the adult, due 
mainly to excretion of a larger proportion of ni- 
trogen in the form of amino acids and ammonia 
(31, 32). 

In the present observations, infants fed high 
protein diets demonstrated a consistently increased 
concentrating performance following water depri- 
vation when compared with infants fed low pro- 
tein diets. These findings in infants are in agree- 
ment with those reported in adults by Epstein and 
co-workers (20). In Group 2, values for Posm 


1067 


were consistently greater following high protein 
intake, suggesting that the higher values for uri- 
nary osmolality observed may have resulted in 
part from a greater degree of dehydration or ADH 
release. As discussed earlier, however, it is be- 
lieved that the experimental conditions resulted 
in all instances in maximal ADH release; analy- 
sis of body weight loss following dehydration in- 
dicated no differences with the various dietary 
regimens. Measurement of the osmotically active 
constituents of the urine, separated into urea and 
nonurea solute, showed that the decrease in urine 
osmolality from the first to the second observation 
was due primarily to a decrease in concentration 
of urea, resulting from a decrease in the rate of 
urea excretion, with no major change in concen- 
tration of nonurea solutes. The decrease in rate 
of urea excretion was due principally to the de- 
creased concentration of blood urea nitrogen, 
rather than to changes in GFR or in rates of 
urea clearance, although decreases in the latter 
associated with lower rates of urine flow were 
observed in the second group of infants with low 
protein feeding. 

Osmolal clearances were greater during the ob- 
servations preceded by high protein feeding. De- 
spite this presumably greater volume of isotonic 
fluid delivered to the concentrating site and the 
increased solute load, urine osmolality and urine 
U/P osmolal ratio were increased, suggesting 
(33) an enhanced rate of reabsorption of water 
in the collecting tubule (T‘x.0). Addition of 
urea to the diet, in place of protein, resulted in 
similar findings, indicating further that the in- 
creased concentrating performance observed fol- 
lowing high protein feeding most likely resulted 
simply from the provision of additional urea for 
excretion. 

When sodium chloride was added to the diet 
for several days as an osmotic load in place of 
increased protein or urea, the osmolal clearance 
was greater than that on the same diet without 
added salt. However, the maximal urinary os- 
molality and the U/P osmolal ratio in response to 
dehydration were decreased. 

Thus the unique action of urea as a urinary 
solute, originally suggested by Gamble and associ- 
ates (34, 35) and recently confirmed by Craw- 
ford and co-workers (21) and others (19, 20, 
36-38) can be demonstrated in infants. 


: 
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Epstein and co-workers (20) found in adults 
that acute urea loading had no effect on maximal 
urine osmolality or Tm*y,9 and concluded that the 
effect of chronic administration of protein or urea 
was achieved by promoting an adaptive response 
by the renal tubules. In the present study similar 
results were obtained in infants given low or in- 
termediate urea loads. However, these data are 
interpreted as showing that the effect of urea can 
be demonstrated not only after chronic adminis- 
tration but also with acute loading, since it would 
be expected a priori that the osmotic diuresis re- 
sulting from acute urea loading would be accom- 
panied by a decrease in urinary osmolality (33), 
which did not occur. The demonstration in sev- 
eral infants of unchanged urine osmolality follow- 
ing urea loading, despite increased rates of solute 
excretion and urine flow, indicates an enhanced 
rate of reabsorption of water in the concentrating 
site. Furthermore, in three subjects an increase 


in urine osmolality following urea loading was 
observed, as recently reported in adults by Le- 
vinsky and Berliner (39), adding to the evidence 
supporting the unique role of urea. 

The feeding schedule of the young infant, pro- 


viding nourishment every 3 to 4 hours during the 
newborn period and allowing neither fasting nor 
thirsting for a period of more than 6 to 8 hours 
during the remainder of early infancy, contrasts 
markedly with the feeding schedule of the adult, 
in which complete thirsting and fasting commonly 
occur for 12 or more hours each day. The daily 
intake of fluid and the rate of turnover of body 
water is large in the infant when compared with 
the adult. In the present investigation the im- 
portance of fluid intake on the urinary concentrat- 
ing performance in infants was demonstrated. 
Lower rates of urine flow and higher*values for 
urinary osmolality were observed during dehydra- 
tion following diets of low volume, similar to the 
findings previously reported in adults (22, 23). 
Following ingestion of low volume diets, rates 
of osmolal clearance and of excretion of total os- 
motically active solutes, measured during hydro- 
penia, were less than those after ingestion of high 
volume diets. Values for T‘y.0 were not differ- 
ent in infants previously fed low or high volume 
diets, suggesting that the smaller urine volumes 
noted after low volume diets might represent the 
net effect of reabsorption of a constant volume 
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of osmotically free water from a smaller volume 
of isotonic precursor fluid in the collecting tubule. 


SUMMARY AND CONCLUSIONS 


1. Observations were made of the effects of 
various levels of intake of protein, urea, sodium 
chloride, and water on the concentrating mecha- 
nism of young full-term and prematurely born 
infants. 

2. In terms of current concepts of renal con- 
centrating mechanisms, the failure of the young 
infant consistently to produce urine as hypertonic 
to plasma as that seen in the adult appears to be 
explained best, not by differences in tubular per- 
meability to water in response to antidiuretic hor- 
mone, but rather through differences in diet and 
metabolism of protein, and most likely through 
differences in other mechanisms involved in the 
production of an area of interstitial hypertonicity 
around the collecting tubule. 

3. The young infant normally receives a diet 
high in protein content. However, by virtue of 
his strongly anabolic state, as well as the form 
utilized for urinary nitrogen, little urea is available 
for excretion. High protein intake, or supple- 
mentation of the diet with urea, provides a sig- 
nificantly increased amount of urea for excretion, 
and results during hydropenia in a greatly in- 
creased urinary osmolality and urine urea con- 
centration. 

4. The usual infant diet provides a large intake 
of water. Ingestion of a diet with low water con- 
tent results in increased urinary osmolality in 
response to dehydration. 

5. Values for net reabsorption of osmotically 
free water in infants approach those seen in 
adults, indicating no difference in the effect ot 
antidiuretic hormone on the permeability of the 
collecting tubule to water. 
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For the precise assay of minute quantities of 
insulin in biological fluids, techniques using fibril 
formation (1) or paper chromatography (2), al- 
though specific for the insulin molecule, lack the 
required sensitivity. Methods based on the meas- 
urement in vivo of a fall in blood sugar in surgi- 
cally modified rats (3) afford sensitivity, but lack 
both specificity and precision. Jn vitro biological 
assays, in which glucose metabolism is measured 
in rat diaphragm or epididymal fat, while perhaps 
more precise than in vivo methods, are subject to 
interference by other hormones such as somato- 
tropin and epinephrine (4, 5), by unknown “in- 
sulin-like” substances whose extraction charac- 
teristics differ from those of insulin (6) and by 
numerous inhibitors of insulin activity (7-10). 

In contrast, an immunological method should 
be both chemically specific and, especially after 
application of an isotopic method for the im- 
munologic quantitation, reasonably sensitive and 
precise. 

Berson and co-workers have originally reported 
(11) that when insulin-I*** is added to an excess 
of antibodies, it rapidly becomes bound. Further- 
more, addition of unlabeled insulin in increasing 
quantities results in gradual saturation of the bind- 
ing sites, reflected by an increase in the percentage 
of unbound insulin-I’**. We have subsequently 
confirmed these observations (12). The change 
in the percentage of unbound labeled insulin forms 
the basis of methods recently described for the 
measurement of injected insulin in rabbit plasma 
(13) and extracted insulin from mouse pancreas 
(14). Both of these methods utilized hydrody- 
namic flow techniques for the determination of 
the percentage of unbound insulin. 

The modification of this approach for the assay 
of circulating human insulin is the subject of this 


* Supported by a grant from Eli Lilly & Company. 
Cost of equipment was defrayed in part by a special grant 
from the Smith, Kline & French Laboratories. 


report. Specific consideration has been given the 
following points: 7) the preliminary extraction of 
the serum to remove endogenous antibodies that 
would interfere in the assay ; 2) the effective sepa- 
ration, by means of preferential salt precipitation, 
of free insulin-I’** from the bound labeled hor- 
mone produced after incubation with antibody and 
the elimination of nonspecific binding of insulin- 
I**! to extraneous proteins in the extracts; 3) the 
cross reaction of human insulin with antibodies 
formed against beef insulin in the guinea pig; and 
4) the preparation of appropriate standard incu- 
bates with protein concentration and pH most 
nearly approximating those of the unknown ex- 
tracts. 

The described method was used to investigate 
the effect of carbohydrate ingestion, insulin injec- 
tion and the presence of acromegaly on the levels 
of circulating insulin in man. 


MATERIALS AND METHODS 


Bovine crystalline insulin, lot no. T-2842, was obtained 
from Eli Lilly & Company. Insulin-I* was prepared by 
a modification of the method of Burrows, Peters and 
Lowell (15), as described previously (12). Insulin anti- 
sera were obtained from guinea pigs treated as follows: 
1 mg of insulin in 2 ml of Freund’s adjuvant (16) was 
injected subcutaneously into adult guinea pigs. Eight 
days later the animals were re-injected with 0.5 mg of 
insulin in the adjuvant. When necessary, animals were 
given 10 per cent glucose intraperitoneally to overcome 
severe hypoglycemia. After 5 months the animals were 
injected with 0.25 mg of insulin in 2.5 ml of 10 per cent 
glucose. (The 5 month interval was arbitrarily chosen 
to conform with a concurrent study and does not repre- 
sent an experimentally determined optimal period.) 
Anaphylaxis was general, but animals given adrenaline 
survived. Six days after the final injection blood was 
drawn by cardiac puncture; serum from the specimens 
was frozen and stored. 

Expressing the insulin antibody titer as the dilution 
of serum, 1 ml of which would still bind 50 per cent of 
0.1 wg of insulin-I', a typical antiserum had a value of 
224 (12). Antiserum was diluted with 5 per cent human 
albumin until 10 ul bound about 75 per cent of 16 wU of 
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TABLE I 
Inactivation of insulin-I™ in plasma measured by hydrodynamic flow (12)* 


Before treatment 


After 24 hour sof treatment 


Moving 
fraction 


Experiment 
no Origin 


Insulin- 
degraded 


Insulin- 
degraded 


Moving 


Origin fraction 


A. Alkali inactivation 


186 
125 
126 


. Cysteine inactivation 


125 
108 14 


* All values are given as activity in counts per second. 


insulin-I** (1 mg insulin considered equivalent to 27 
units). 

“Insulin-free” plasma, for use as carrier protein, was 
prepared by adjusting plasma to pH 13.0 with concen- 
trated ammonium hydroxide and storing it at 4° C for 
24 hours. Final pH was adjusted to 7.4 with concen- 
trated hydrochloric acid. The effectiveness of alkaline 
inactivation of insulin was demonstrated by adding 0.1 
ug of insulin-I™ to 1 ml of plasma, treating it as de- 
scribed above and subjecting the final mixture to hy- 
drodynamic flow (insulin remains at the origin; degra- 
dation products move with serum proteins). Approxi- 
mately 85 per cent of the radioactivity was found in the 
fraction representing degradation products (Table I). 
In similar samples to which 0.025 M cysteine (17) had 
been added, degradation during a 24 hour period at 4° C 
amounted to only 35 per cent. 

Extraction of insulin from serum. To prevent the 
degradation of insulin that may occur during clot forma- 
tion at room temperature, particularly when hemolysis 
has occurred, whole blood was allowed to clot in an ice 
bath. 

A method for extracting insulin from pancreatic tis- 
sue (18) was modified for use with the resulting serum 
as follows. A mixture of 5 ml of serum and 20 ml of 
acidic alcohol (15 ml of 12 N hydrochloric acid diluted 
to 1 L with 75 per cent ethanol) was agitated for 1 hour 
at room temperature. After centrifugation, the super- 
natant was removed. The precipitate was re-extracted 
for 1 hour with an additional 20 ml of the acidic alcohol 
solution and centrifuged. The two supernatants were 
combined and adjusted to pH 8.5 to 9.0 with concentrated 
ammonium hydroxide. After 30 minutes at 4° C insolu- 
ble proteins were removed by centrifugation. To precipi- 
tate the crude insulin, 4 volumes of an alcohol-ether solu- 
tion (1.5:2.5 vol/vol) were added and the mixture was 
chilled overnight at 4° C. After centrifugation the pre- 
cipitate was exposed to a jet of air for 60 seconds to 
remove excess ether. The still moist precipitate was dis- 
solved in 1.5 ml of 0.2 M glycine buffer (pH 8.5) by 
vigorous stirring with a glass rod. After a 1 or 2 min- 
ute interval to allow foam to settle, the solution was 


adjusted to 2.5 ml with additional glycine buffer. Pro- 
tein that failed to go into solution was insulin-free and 
could be discarded. The final extract, representing a 
twofold concentration of the initial serum, was sufficient 
for 5 determinations and could be stored at 4° C for up to 
2 weeks, 

Assay of insulin. To obtain a standard curve, various 
amounts of nonradioactive insulin in 10 ul of 5 per cent 
albumin were incubated for 1 hour at 25° C with a mix- 
ture of 0.5 ml of 5 per cent albumin in the 0.2 M glycine 
buffer, 0.5 ml of 30 per cent urea in 5 per cent albumin 
solution, 10 wl (16 wU) of insulin-I, and 10 wl of the 
diluted guinea pig antiserum. After incubation, 0.4 ml 
of the “insulin-free”’ human plasma was added as car- 
rier protein. The insulin bound to antibody was pre- 
cipitated by adding 2 volumes of water containing suffi- 
cient sodium sulfite to make a final concentration of 17 
per cent in the incubation mixture. The contents of the 
tubes were mixed and allowed to stand 1 hour at 4° C. 
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The precipitated proteins were removed by centrifuga- 
tion, and the radioactivity in an aliquot of the super- 
natant was counted in a well-type scintillation counter. 
When corrected for total volume, the value obtained 
represented the free insulin (and probably some degra- 
dation products) remaining after incubation. The 
standard curve was obtained by plotting the activity in 
the supernatant as per cent of the total radioactivity ini- 
tially added against the concentration of total insulin 
(Figure 1). 

Since the percentage of unbound insulin did not in- 
crease linearly with, or as a logarithmic function of, in- 
sulin concentration, at least 5 points along the curve were 
required for each day’s determination. The curve was 
quite reproducible; over a period of 2 months during 
which several different preparations of insulin-I™ were 
used, the standard deviation for the low point and high 
point was 3.1 and 3.8 per cent, respectively (n= 11). 

The unknown insulin was assayed by substituting 0.5 
ml portions of the serum extract (equivalent to 1 ml of 
serum) for the glycine-albumin buffer used in the stand- 
ards. Incubation and salt precipitation were carried 
out as described above. To determine the insulin con- 
tent of the unknown sample the percentage of radioac- 
tivity in the resulting supernatant was read against the 
standard curve. Total insulin in serum was calculated 
by dividing this value by 0.8 (the mean per cent re- 
covery of insulin by the extraction procedure). 

Preparation and assay of human insulin. One g ali- 
quots of biopsy specimens of a fresh human pancreas 
and of an islet cell tumor were extracted by an acid-al- 
cohol procedure (14). The final precipitate from alco- 
hol-ether was dissolved in 1 ml of dilute hydrochloric 
acid and stored as a stock source of crude human in- 
sulin. Prior to immunological assay, the stock extracts 
were diluted 500-fold with the glycine albumin buffer. 
The biological activity of these extracts was also de- 
termined by the mouse convulsion assay (19). Since 
only 10 animals were used for each standard or unknown 
sample, the results of this bioassay served as a crude 
approximation only. However, past experience in our 
laboratory indicates that variations in results rarely ex- 
ceed 100 per cent. In addition, a sample of the extract 
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from normal pancreas was determined more precisely 
by Dr. Otto Behrens in the laboratories of Eli Lilly & 
Company. 


RESULTS 


Extraction of insulin from serum. Table II 
shows the recoveries obtained when 1,250 »U of 
insulin-I'** was added to 5 ml of serum and ex- 
tracted one hour later by the acid-alcohol proce- 
dure. Since degradation products produced dur- 
ing the iodination or the extraction procedures 
could have accounted for part of the radioactivity, 
aliquots of both the starting serum containing the 
labeled hormone and the final extract were sub- 
jected to hydrodynamic flow. The tabulated val- 
ues have been corrected and represent the portion 
of the label that was chromatographically similar 
to insulin. When normal serum was extracted, 
approximately 80 per cent of the added insulin was 
recovered. As the donors had never received in- 
sulin, the serum did not contain significant 
amounts of endogenous antibodies (Table II). 
Recovery of insulin-I’** from sera (which had 
insulin antibody titers of 7 and i6, respectively) 
of two insulin-resistant diabetics was then evalu- 


ated. Despite the almost quantitative binding of 
the added insulin-I'’, recovery after extraction 
was essentially the same as that from normal se- 
rum. When extracts prepared from resistant sera 
were incubated with insulin-I"** and subjected to 
hydrodynamic flow, insulin-binding was no longer 


demonstrable. A final recovery of 80 per cent 
was assumed for all sera subsequently assayed 
for insulin content. No significant decomposition 
of the insulin could be demonstrated by hydrody- 
namic flow in extracts stored for as long as two 


TABLE II 


Acid-alcohol extraction of insulin-I™ from normal and insulin-resistant sera 


Antibody 
titer* 


Source of serum of serum 


Antibody 
titer of 
final extract 


Recovery of 
insulin-['3! 
after extraction 


bound to serum 
protein 


Normal 
Normal 
Normal 


Insulin-resistant 
diabetic 

Insulin-resistant 
diabetic 


% 
78 
80 
83 


84 
80 


* Titer = the dilution of serum, 1 ml of which will still bind 50 per cent of 0.1 wg of insulin-I", 
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weeks at 4° C. According to estimates by both 
biuret and Kjeldahl nitrogen methods, only 15 to 
19 per cent of the total protein remained after the 
extraction procedure. 

Solubility of insulin-I’** and insulin-I*** anti- 
body in sodium sulfite. Attempts to precipitate 
preferentially the insulin antibody complex with 
increasing amounts of trichloroacetic acid proved 
unsuccessful, since both the free and bound insu- 
lins precipitated simultaneously. Preliminary ex- 
periments substituting sodium sulfite as a precipi- 
tant indicated that this approach was feasible, 
provided that carrier protein was added. “Insulin- 
free” plasma or gelatin was utilized as carrier 
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Fic. 2. PREFERENTIAL PRECIPITATION OF FREE AND 
BOUND INSULIN-I™ IN ALBUMIN-GLYCINE BUFFER AND 
SERUM EXTRACTS BY SODIUM SULFITE. A——A Bound 
insulin-I™ (antibody added) in buffer; A——-A free 
insulin-I™ (no antibody) in buffer; @——-@ bound in- 
sulin-I™ (antibody added) in serum extract; O——O 
free insulin-I™ (no antibody) in serum extract. 


protein. The latter was eventually discarded when 
it proved too soluble in sodium sulfite at the pH 
of 8.5 used for the assay. 

Since the standards contained less precipitable 
protein than did the unknown extracts, it was 
necessary to add sufficient carrier protein to both 
solutions to minimize the difference. Too little 
carrier caused incomplete precipitation in the 
standards, resulting in erroneously low values for 
insulin in the extracts. The concentration of car- 
rier protein necessary to overcome this situation, 
but not great enough to increase coprecipitation 
of the free insulin, was determined by adding in- 
creasing amounts of carrier to incubates of insulin- 
I**1 plus antibody both in the standard glycine- 
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Fic. 3. Errect or 15 PER CENT UREA ON PREFERENTIAL 
PRECIPITATION OF FREE AND BOUND INSULIN-I™ IN ALBU- 
MIN-GLYCINE BUFFER OR SERUM EXTRACTS BY SODIUM 
SULFITE. A——A Bound insulin-I™ (antibody added) 
in buffer; A——A free insulin-I™ (no antibody) in buf- 
fer; @——@ bound insulin-I™ (antibody added) in se- 
rum extract; O——O free insulin-I™ (no antibody) in 
serum extract. 


albumin buffer and in an extract of “insulin-free” 
plasma until the resulting supernatant counts in 
each were identical. 

Figure 2 shows the effect of the concentration 
of sodium sulfite on the solubility of insulin-I** 
suspended in glycine-albumin buffer or serum ex- 
tract, with and without the addition of sufficient 
antibody to bind approximately 80 per cent of the 
labeled hormone. In the glycine-albumin solu- 
tions a concentration of 15 per cent sodium sulfite 
resulted in quantitative precipitation of insulin- 
bound to antibody, whereas free insulin-I*** 
remained in solution. In contrast, when serum 
extracts were incubated without antibody, 40 per 
cent of the total insulin-I*** was bound and pre- 
cipitated by extraneous proteins contained in the 
extract. 
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Fic. 4. Errect oF PH ON BINDING OF INSULIN-I™ TO 
ANTIBODY. 
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Figure 3 shows that the addition of 15 per 
cent urea to the incubation mixtures effectively 
eliminated almost all of the nonspecific binding in 
typical serum extracts. Additional salt was re- 
quired to achieve optimal preferential precipita- 
tion. The amount of insulin-I**' precipitated by 
antibody in serum extract was no longer notably 
different from that in the standard which contained 
no unlabeled insulin, indicating that the level of 
circulating human insulin was too low to be 
detected. 

The effect of pH om insulin-antibody complex 
formation (Figure 4). Binding was not detectable 
below pH 3.0 and reached a maximum at about pH 
6. Since insulin and many of the proteins in the 
serum extracts were insoluble at slightly acid and 
neutral pH’s, pH 8.5 was used for all incubations. 


~ MOUSE CONVULSION 
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Fic. 5. COMPARISON OF BIOLOGICAL AND IMMUNOLOGI- 
CAL ASSAY OF HUMAN INSULIN. Each point represents 
the mean of duplicate values. 


Measurement of human insulin from pancreatic 
tissue (Figure 5). Measurements of human in- 
sulin levels in the pancreatic tumor and normal 
pancreas by biological and immunochemical meth- 
ods were in good agreement. The extremely good 
duplication of the assays on normal pancreas by 
the mouse convulsion method in the Eli Lilly 
laboratory and by the immunochemical approach 
was probably coincidental (58.7 pg per g tissue, 
SD = 4.2 per cent; and 61.5 pg per g tissue, 
SD=7.6 per cent, respectively). Results ob- 
tained by assaying three different dilutions of the 
human extract and correcting for dilution differed 
only within the limits of experimental error. As- 
say by both methods showed ten times more insu- 
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Fic. 6. CIRCULATING LEVELS OF INSULIN IN HUMAN 
AND BOVINE SERUM. Each point represents the mean 
of duplicate values. 


lin in the tumor tissue than in the sample of nor- 
mal pancreas. 

Circulating level of insulin in human and bovine 
serum (Figure 6). Determination of the circu- 
lating insulin in extracts of sera from 22 fasting 
subjects was attempted. Except on two occasions 
insulin could not be detected. As seen from the 
recovery studies on extracts with added insulin, 
a level of 20 »U per ml of serum is within the min- 
imum sensitivity of this method. Serum insulin 
levels were notably elevated in four of five sub- 
jects with active acromegaly. 

The circulating insulin levels in extracts of 
bovine serum were also determined. This insu- 
lin is species identical with the insulin used origi- 
nally to form the antibodies and to make the stand- 
ards. In seven of the eight samples tested, as in 
the human sera, insulin levels were undetectable. 

Effects of oral glucose on circulating insulin 
levels (Figure 7). Fifty g of glucose was ad- 
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ministered orally to six normal fasting subjects. 
After 30 minutes the serum insulin levels were 
increased in five of the six subjects (mean, 31 
wU). By 60 minutes the insulin levels had cont- 
menced to fall and in most instances were no 
longer detectable. The blood sugar level, elevated 
at 30 minutes, had also begun to decrease. 
Disappearance of crystalline bovine insulin 
(Figure 8). To demonstrate the efficiency of the 
immunoassay in measuring changing levels of 
serum insulin, periodic determinations were made 
after intravenous administration of 10 U of crys- 
talline hormone to a normal subject. Insulin 
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Fic. 8. INSULIN SERUM LEVELS AFTER INJECTION OF 
CRYSTALLINE BEEF INSULIN (10 UNITS INTRAVENOUSLY) 
IN NORMAL SUBJECT. 


levels were extremely high 5 minutes after the in- 
jection; within 20 minutes, however, 90 per cent 
of the insulin had disappeared. After 60 minutes 
circulating insulin was no longer detectable. 

An insulin-resistant diabetic was given 500 U 
of insulin (U-500, Eli Lilly & Company) intra- 
muscularly. Twenty-four hours later the serum 
was collected and extracted to remove the endo- 
genous antibody. Assay of the extract showed a 
high concentration of insulin (3,100 »U per ml), 
despite a concomitantly high blood sugar level 
(301 mg per 100 ml) and severe glycosuria and 
ketonuria. 


DISCUSSION 


An immunological method for the measurement 
of circulating insulin offers the distinct advantage 
of being chemically specific for the insulin mole- 
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cule. Growth hormone, epinephrine, steroids, 
glucagon or tolbutamide do not interfere with the 
binding of insulin to antibody (12). In the 
method described in this report the inherent speci- 
ficity of such techniques is further augmented by 
the removal of gross impurities from the serum 
by acid-alcohol extraction. This preliminary step 
not only removes endogenous insulin antibodies, 
thereby allowing application of the procedure to 
serum from individuals previously receiving in- 
sulin (11, 12), but also eliminates about 85 per 
cent of the extraneous serum proteins. Baird and 
Bornstein (20) have shown that a similar extrac- 
tion procedure effectively removes many of the 
globulin inhibitors that plague investigators at- 
tempting biological assays. Indeed, preliminary 
extraction of the serum is of such obvious advan- 
tage in increasing specificity that it conceivably 
could be universally adopted in all insulin assay 
methods. 

The efficiency of extraction with acid alcohol 
may result in part from the dissociation of insulin 
antibody complexes noted at acid pH (21). 
Singer and Campbell (22) have observed that al- 
bumin fails to form a precipitating antibody at 
low pH values. Sri Ram and Maurer (23) sug- 
gested that the spontaneous precipitation, rather 
than affinity of the antigen to the antibody, was 
the pH-sensitive factor. The insulin-antibody 
complex, however, is soluble and is quantitated 
not by spontaneous precipitate formation but by 
chemical means. The lack of insulin-binding at 
low pH in this soluble system, as shown by both 
sodium sulfite and hydrodynamic flow methods 
(12), indicates the existence of a pH sensitivity 
at the level of antigen-antibody combination. 

The use of salt precipitation to separate free 
from bound insulin, which is similar to the method 
described by Farr for albumin (24), requires onlv 
a single count of a sharply defined supernatant. 
In contrast, the hydrodynamic flow method (11, 
14) requires additional apparatus for multiple si- 
multaneous determination and, since it distributes 
the insulin-I’** over 10 cm of paper, calls for a 
higher initial level of radioactivity. Furthermore, 
at least ten samples must be counted to determine 
the bound and free peaks, and it is often difficult 
to differentiate the peaks, particularly in areas 
of very low or very high binding. Other methods 
for the preferential isolation of bound insulin have 
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been reported. Mitchell, Whitehead and O’Rourke 
(25) used an Amberlite resin for separating the 
insulin-antibody complex, but noted serious inter- 
ference by extraneous serum proteins. Skom and 
Talmage (26) separated the insulin complex from 
free insulin by precipitating the latter with anti- 
gamma-globulin sera, a method requiring a sec- 
ond antibody system. Arquilla and Stavitsky 
(27) utilized a hemolytic technique for the quan- 
titative measurement of insulin-antibody forma- 
tion, but reported some lack of specificity due to 
unknown factors affecting red cell lysis. 

Nonspecific binding of insulin to serum pro- 
tein was effectively inhibited by the addition of 
urea, implying that this phenomenon is caused by 
hydrogen bonding. On the other hand the com- 
parative ineffectiveness of urea in dissociating the 
insulin-antibody complex was not surprising, since 
the affinity of this antigen to its antibody may be 
primarily due to interatomic van der Waals’ forces 
(12). 

The most serious drawback to an insulin assay 
based on an immunological reaction is the neces- 
sity for assuming that the human insulin from 
extracts and the beef insulin used in the standards 
have the same capacity for binding to antisera 
that is produced against beef insulin in guinea 
pigs. Thus our inability to detect circulating in- 
sulin in human sera could be ascribed to its fail- 
ure to cross react with these antibodies. Although 
Burrows and associates (15) reported that human 
insulin did not bind, Moloney and Aprile (21), 
Arquilla and Stavitsky (28), Berson and Yalow 
(29) and Wright (30) have independently dem- 
onstrated the cross reactivity of human insulin 
with antibodies produced from beef insulin, The 
close agreement between our measurements by 
the immunological and the mouse convulsion as- 
say of human insulin extracted from pancreas in- 
dicates that effective cross reactivity does occur. 
(Exact evaluation of the quantitative relationship 
between human and beef insulin, however, must 
await the availability of a crystalline human insulin 
of sufficient purity to allow unequivocal determina- 
tion of its insulin content by biological assay.) 
In addition, a very low level of circulating insu- 
lin is not necessarily the result of poor cross reac- 
tion, since insulin was not detected in beef blood 
in which no species difference exists between 
standards and circulating hormone. 
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The circulating form of insulin may be different 
from that extracted from the pancreas. This hy- 
pothesis has been suggested by the observation 
that insulin and the “insulin-like” activity in se- 
rum are found in different fractions after chro- 
matographic separation on a Dowex-50 column 
(31). Inthe hope of minimizing this problem, we 
have adopted an acid alcohol procedure for ex- 
tracting the serum similar to that used for com- 
mercial extraction of insulin from pancreas. 

Circulating insulin was not detectable by im- 
munochemical assay, although this method is 
sufficiently sensitive to measure as little as 20 »pU 
of insulin per ml of serum. This level is lower 
than those estimated from biological techniques, 
which vary from 65 pU to 13.5 mU per ml (32- 
35). In most of these techniques, values obtained 
with unextracted serum were compared with re- 
sults from standards dissolved in various arbitrary 
media including saline, different buffers or serum 
albumin. Recently, however, Anderson, Wherry 
and Bates (36), using extracts of plasma, reported 
normal levels as low as 25 »U per ml, and Field, 
Weinberg, Johnson and Spoont (37) have sug- 
gested that the circulating level may be less than 
10 »U per ml. 

The stimulating effect of glucose on insulin se- 
cretion was demonstrated by immunological as- 
say. An increase in circulating insulin (mean, 
31 ~«U) was found 30 minutes after oral adminis- 
tration of glucose. The decrease in circulating in- 
sulin after 60 minutes was paralleled by a fall in 
the blood sugar level. 

An increase in the serum insulin concentration 
of patients with acromegaly has been reported by 
Wright (38) and also by Randle (34), who sug- 
gested that the apparent rise may be a reflection 
of the interference of large amounts of growth 
hormone in the assay. In contrast, Bornstein 
and Lawrence (10) not only reported no detecta- 
ble insulin but described a hyperglycemic factor 
in blood from acromegalic patients which they be- 
lieved might be due to glucagon. Since the im- 
munochemical assay is not affected by either 
growth hormone or glucagon, our results indicate 
that the level of circulating insulin is truly ele- 
vated in acromegalic patients. 

After injecting insulin-I*** and measuring the 
trichloroacetic acid-precipitable activity in serum, 
Elgee, Williams and Lee (39) found that 90 per 
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cent of the starting level of insulin was cleared 
from the blood within 15 to 20 minutes. This 
technique could be subject to error, since part of 
the circulating radioactivity might have repre- 
sented partially degraded insulin that was. still 
insoluble in trichloroacetic acid. Others (11, 17), 
using hydrodynamic flow-electrophoresis to dif- 
ferentiate degraded from unmodified insulin-I***, 
also noted this rapid clearance. A parallelism be- 
tween the rate of disappearance of insulin-I*** 
and immunochemically measurable insulin in the 
rabbit has also been reported (13). These ob- 
servations, as well as the validity of using insulin- 
I*** as a metabolic tracer, have been confirmed in 
man by the finding that 90 per cent of the im- 
munologically active insulin was cleared from the 
circulation in the first 15 to 20 minutes. 

The demonstration that resistant diabetics may 
have high concentrations of insulin in their blood 
24 hours after administration of the hormone de- 
site concurrent hyperglycemia, glycosuria and 
ketonuria agrees with results obtained by biologi- 
cal assays of serum extracts (20, 40). It is ap- 


parent that in investigations measuring antibody 


titers or insulin-binding capacity in resistant se- 
rum, the results can be grossly affected by the par- 
tial saturation of the serum antibodies by variable 
unmeasured amounts of endogenous insulin. To 
minimize this effect, serum should be collected 
from the donor subjects at the greatest interval 
possible after insulin administration. A con- 
comitant assay of total insulin would also be useful 
in this type of study. 

Allowing the assumption that insulin-I*** and 
endogenous circulating insulin are extracted from 
serum in a similar manner, the immunological 
method for insulin assay described in this report 
is not affected by antibodies, antagonists or “in- 
sulin-like” substances. The method, at present, is 
applicable to quantities of total insulin above 20 
wU per ml of serum. It is expected that increased 
sensitivity can be achieved by the synthesis of in- 
sulin-I"** of higher specific activity. 

That a portion of the insulin measured by im- 
munological techniques may include biologically 
inactive precursors or degradation products re- 
taining antigenic activity cannot at present be ex- 
cluded. Furthermore, as seen in the insulin- 
resistant diabetic, the total circulating insulin is 
not always biologically available to the subject. 
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The measurement of “total insulin” in conjunction 
with the determination of “net active insulin” by 
biological assays, however, should lead to a greater 
understanding of the interplay between circulating 
insulin and its inhibitors, antagonists and “insulin- 
like” factors in normal and disease states. 


SUMMARY 


The new method for the immunochemical as- 
say of circulating human insulin described in this 
report is based on the per cent change in binding 
of insulin-I*** to insulin antibodies in the pres- 
ence of varying quantities of unlabeled insulin. 
The degree of binding is measured quantitatively 
after preferential precipitation of bound insulin 
with sodium sulfite. 

Preliminary extraction of serum with acid al- 
cohol resulted in an 80 per cent recovery of insu- 
lin-I*** regardless of the presence of endogenous 
antibodies. The method is therefore applicable 
to serum from subjects who have previously had 
insulin therapy. 

Nonspecific binding caused by extraneous pro- 
teins in the extracts was effectively removed with 
15 per cent urea. Affinity of insulin to its anti- 
bodies wac pH-sensitive, being negligible at acid 
pH and reaching a maximum at neutral or alka- 
line pH. 

Measurements of insulin extracted from human 
pancreas by the described chemical method and by 
mouse convulsion assay were in close agreement, 
indicating that effective cross reaction occurs be- 
tween human insulin and antibodies made against 
beef insulin in the guinea pig. 

Circulating levels of human insulin were lower 
than the minimum sensitivity of the assay (20 »U 
per ml of serum). Elevated insulin levels were 
detected in normal subjects after oral adminis- 
tration of glucose and in patients with active 
acromegaly. 

Studies with the immunochemical assay dem- 
onstrated a rapid disappearance from serum of 
injected crystalline bovine insulin, confirming the 
results of others who employed the clearance of 
an insulin-I'*! tracer. Insulin-resistant diabetics 
still retain large amounts of circulating insulin 24 
hours after intramuscular injection of the hor- 
mone, despite severe hyperglycemia, glycosuria 
and ketonuria. 
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ADDENDUM 


In a recent report published during the final prepara- 
tion of this manuscript, Yalow, R. S., and Berson, S. A. 
[Nature (Lond.) 1959, 184, 1648] have described an 
immunochemical assay for insulin in unextracted human 
plasma. These authors reported a fasting circulating 
level for insulin of 64 to 98 ,U per ml, which could be 
enhanced notably after glucose administration. 
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The study of the elimination of an inert gas 
from the lungs of human individuals has proven 
a useful tool in the determination of ventilation 
patterns (1,2). In particular it could be dem- 
onstrated that the lungs of emphysematous pa- 
tients can be conceived as being composed of at 
least two different compartments, i.e., a rela- 
tively small space with good ventilation and a 
relatively large space with poor ventilation (3). 

In an attempt to establish the ventilation- 
perfusion relationship in the different lung com- 
partments of patients suffering from pulmonary 
emphysema, Briscoe (4, 5) correlated the venti- 
lation and volume patterns with the oxygen 
saturation of mixed arterial blood: a very large 
and poorly ventilated air compartment in the 
emphysematous lung was shown to be relatively 
underperfused with blood (6). 

In order to check on these findings it was de- 
cided to measure the distribution of ventilation 
and perfusion (especially the latter) in emphy- 
sema with an independent technique. Dis- 
solved radioactive krypton (Kr**) was injected 
intravenously and its rate of disappearance was 
measured in both expired air and arterial blood. 
A preliminary report of this work has been pub- 
lished (7). The purpose of this paper is to de- 
scribe the behavior of intravenously injected 
krypton in the emphysematous subject and to 
show how this behavior may be used to determine 
the distribution of perfusion in the lung. With 
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this objective we present /) a theoretical model 
of the lungs and tissues of the emphysematous 
man under these conditions; 2) a mathematical 
solution of the equations of the three-compart- 
ment analog thus depicted; 3) a comparison of 
the predicted theoretical curves with the experi- 
mental curves which are actually obtained; 4) 
three methods for interpreting experimental data 
in terms of the dimensions, ventilation and blood 
perfusion of several lung compartments: a) an 
exact method, which might be applicable under 
optimal conditions to experiments with sampling 
at three sites, and b) two approximate methods, 
applicable to data limited as to time and number 
of sampling sites as they usually are in practice. 


I. THEORETICAL MODEL: THREE COMPARTMENT 
ANALOG OF THE BODY IN EMPHYSEMA 


The sequence of events which take place after 
the rapid injection of a dissolved tracer gas of 
low solubility into a systemic vein of a human 
subject is best understood if the behavior of a 
model, essentially analogous to the experimental 
situation, is studied. The experiment begins 
with the rapid injection of radioactive Kr* dis- 
solved in saline (8). The usual site of injection 
is a large vein as near as possible to the heart; 
the optimal site is the right heart itself which was 
used in the studies reported here. As the slug of 
dissolved Kr** passes through the pulmonary 
capillaries almost all of it diffuses into the alveo- 
lar gas spaces because of the relative insolubility 
of krypton (8). In emphysema these spaces 
vary greatly in their degree of ventilation. A 
small part of the lung is well ventilated. That 
fraction of the injected Kr® which is carried in 
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Fic. 1. MODEL SIMULATING THE WASHOUT OF INTRA- 
VENOUSLY INJECTED KR*®> IN PATIENTS WITH PULMONARY 
EMPHYSEMA. For explanation of symbols see text. 1A 
shows the three chambers under consideration and the 
flows between them; 1B the fractional rate constants, 
indicated by arrows, are used in the solution of the differ- 
ential equations 2, 3 and 4. 


the blood to, and deposited in the well ventilated 
air spaces, is rapidly eliminated in 2 to 5 minutes. 
A much larger part of the lung is homogeneously 
very poorly ventilated. The krypton deposited 
in these air spaces at the time of injection is still 
being eliminated in appreciable amounts in the 


gas expired from them 20 minutes later. The 
end capillary blood leaving both groups of 
alveoli is considered at all times to contain kryp- 
ton at the same partial pressure as the alveolar 
gas. The quantities of krypton in solution in 
blood are relatively small, compared to the 
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quantities in the gas phase [A = 0.051 (9)]. 
The end capillary blood from the differently 
ventilated lung spaces mixes in the arterial blood 
stream which then passes to the tissues. In the 
first few minutes after injection, arterial blood 
contains more Kr* than the tissues, and the 
tissue Kr** concentration rises. As krypton is 
ventilated out of the lung spaces, arterial Kr* 
concentration falls. After reaching a peak a few 
minutes after injection, tissue Kr** concentration 
falls. Venous Kr* concentration is considered 
at all times to be equal to that in the tissues. 
Krypton from the tissues is carried in venous 
blood to the lungs, redeposited into alveolar gas, 
and eliminated in ventilation, until eventually 
no Kr** remains in the body. 

The simplest model, therefore, for the quanti- 
tative considerations of this situation consists of 
three reservoirs or mixing chambers, exchanging 
krypton by means of the blood stream, and with 
two of these reservoirs eliminating Kr* through 
ventilatory channels into an infinite space. This 
model is schematically depicted in Figures 1A 
and 1B. The three mixing chambers are the well 
ventilated small lung compartment (L;), the 
poorly ventilated large lung compartment (L2) 
and the tissue space (T). Three-compartment 
systems, both closed (10, 11) and open (12-14), 
have previously been described; the algebraic 
treatment is therefore abbreviated here. It is 
noteworthy that in the present model direct ac- 
cess is limited to one compartment (T). The 
output from the two lung compartments (L; and 
L.) cannot be measured individually ; it is possi- 
ble, however, to measure their combined output 
which is reflected in arterial blood and expired 
air. Arterial blood is the mixture of the blood 
equilibrated in the two lung compartments, 
weighted by their respective flows. Mixed ex- 
pired alveolar gas is the mixture of the gas in the 
two lung compartments, weighted by their re- 
spective ventilations. Expired gas is mixed 
expired alveolar gas with its krypton diluted by 
inspired gas from the dead space. In the model 
calculations the dead space is assumed to be zero, 
in which case mixed expired alveolar and expired 
gas are the same. Another specific feature of 
this model is the combination of a liquid and a 
gaseous carrier phase. This required knowledge 
of a) the solubility characteristics of the tracer 
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gas, and b) the difference in counting efficiency 
of liquid and gaseous specimens containing 
tracer (9). 

The description of the emphysematous pa- 
tient’s body in terms of only three compartments 
did not originate de novo but from studies of their 
behavior. Although there are probably differ- 
ences among the well ventilated alveoli (Li) and 
among the various tissues included in the tissue 
space (T), it appears from nitrogen washout 
studies that in severe emphysema there is often 
a surprising lack of variation among the alveoli 
in the poorly ventilated group L. (6). This 
group of alveoli constitutes the major reservoir 
for krypton, and has a dominant influence on the 
behavior of injected krypton; so it is justifiable, 
and a very useful simplification, to ignore the 
variation in L; and T and to consider the body 
as if it consisted of only three compartments. 


Il. MATHEMATICAL DESCRIPTION OF THE 
BEHAVIOR OF THE MODEL 


Having described the model in physiological terms which 
characterize the emphysematous patient, our next aim is 
to construct theoretical curves for comparison with the 
data actually obtained in patients. Furthermore, these 
theoretical curves will be analyzed by various approximate 
methods easily applicable to patients in order to determine 
the error in these methods. The construction of the curves 
necessitates some rather lengthy calculations, and before 
proceeding to the comparison between predicted and ob- 
served behavior it is necessary to indicate in outline the 
assumptions (Section IIA), the algebraic principles (Sec- 
tion IIC), and the numerical values of the coefficients in 
our examples (Section ITD). 


A, Assumptions 


The theoretical model is applied to experimental situ- 
ations with the following assumptions: 


1. Blood and gas leaving a mixing chamber are in com- 
plete equilibrium with this chamber. Deviations from 
this are believed to be insignificant as regards inert gas ex- 
change in the lung (15, 16) with which this study is mainly 
concerned. The quantities exchanged in the tissues are of 
secondary importance and if this assumption does not 
apply here it has no important effect on our conclusions. 

2. Ventilation and perfusion are continuous rather than 
periodic. There is no rebreathing of Kr** by one lung 
compartment from the respiratory dead space of gas ex- 
pired from a differently ventilated lung compartment. 
This assumption has no important effect on the conclusions 
when there are large differences between the ventilation of 
the different lung compartments, as is the case in em- 
physema. Expired gas is mixed expired alveolar gas di- 
luted by a constant flow of inspired gas, the dead space 
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ventilation. Since this dead space ventilation has no 
effect on the system except to reduced expired concentra- 
tions to a constant fraction of mixed expired alveolar con- 
centrations, it has been considered to be zero in our theo- 
retical cases; as explained later it must be allowed for in 
practice. 

3. The solubility of Kr® (\) is the same for blood and 
body tissues. 

4. The amount of Kr* in the blood is negligible. 


B. Explanation of symbols 


Some of the symbols have already been referred to. It 
is convenient at this point to give a complete list of the 
symbols used subsequently, with units of each indicated. 

Gas volumes (liters): L; in well ventilated alveoli; Lz in 
poorly ventilated alveoli, Lr = L; + Le. Tissue volume 
(liters): T. Gas flows (liters per minute): V; in well venti- 
lated alveoli; V2 in poorly ventilated alveoli; Vr = V, 
+ V,: Ve expired ventilation; Vp dead space ventilation. 
Blood flows (liters per minute) : QO, in well ventilated alveoli; 
Q» in poorly ventilated alveoli; Or = Q: + Qo. 

Quantities of Kr** (counts per minute): X in Li, Y in Ly, 
I injected. Concentrations of krypton in gas phase (counts 
per minute per liter): F, in well ventilated alveoli; F, in 
poorly ventilated alveoli; Fg in expired air. Fa° in mixed 
expired alveolar gas. Concentration of krypton in blood 
phases (counts per minute per liter): C; = F,\ in well 
ventilated alveoli, C2 = F2\ in poorly ventilated alveoli; 
C, in arterial blood; Cy in mixed venous blood and tissue. 
Cy’ in mixed venous blood during passage in injectate. 
Solubility coefficient at body temperature: . Time (min- 
utes): t = time in general, u = time spent by blood in 
alveolar capillary; tp = time of maximal concentration in 
mixed venous blood. The symbol (0) signifies boundary 
conditions at zero time. 

With these assumptions and symbols in mind, the be- 
havior of the analog model can be expressed in the follow- 
ing way. 


C. Algebraic formulation 

1. Rate of change of krypton concentration: differential 
equations. Considering compartment L; as an example, 
the following relationship holds for each instant: 
dt (QiCe +V10) (QFA+ VIF). [1] 


Rearranging and using rate constants in Figure 1B, 
Equation 1 and the similar equations for L2 and T become: 


dCy 
dt 


This system of three simultaneous linear differential 
equations, each being homogeneous, of the first order, and 


ir 
2 
> 
dF; Q: Qr 
dt Li Ly Li 
Cc Qe V2 F [3] 
dt Le Ly 
—F,+—F. - =—G. [4] 
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with constant coefficients, can be solved by classical meth- 
ods to yield a solution in the following form (17): 


F, = 'Cyemt + 1Cyemet + 1Cyemst [5] 
F. 2C emit + 2C + 2C,emst [6] 
Cy = 3Cemit 4 3Cyem2t + 5C,emst, [7] 


The exponents m;, mz, m; are the three roots of a cubic 
equation and can all be computed (e.g., by Newton's 
method) from the numerical values of Vi, V2, Qi, Qs, Li, 
Le, T and \’. To determine the values of the constants 
(C’s) in Equations 5, 6 and 7, it is necessary to know also 
the initial values F,(0), F.(0) and C;(0) of the krypton 
concentrations in the three compartments. 

2. Initial krypton concentrations: boundary conditions, 
F,(0), F2(0). These were determined by the following 
approach. It is assumed that the injectate reaches the 
lungs as a homogeneous square front slug which takes u 
minutes to pass through the alveoli. The value of u was 
taken to be 0.2 minute. Its exact value has no important 
effect on our conclusions. 

During this time the mixed venous concentration of 
krypton is constant at Cy’, the prime indicating that we are 
dealing with the period during which boundary conditions 
are established. 

Before the end of the passage of the injectate through 
the lungs, the tissue concentration of Kr®> (C>) will have 
begun to rise. However, this rise is very small and it 
greatly simplifies the situation to regard it as negligible. 
In that case C;(0) = 0, after the passage of the injectate 
through the lungs. 

The equations which apply during the passage of the 
injectate through the lungs are the same as Equations 2, 3 
and 4, except that the variable C; (from tissues) is replaced 
in all three equations by the constant Cy’ (from injectate), 
so that Equation 4 becomes dCy’/dt = 0. 

During the time u, F; and F¢ rise from zero to F,(u) and 
F2(u) at the end of the passage of the injectate through the 
lungs. By integration of Equations 2 and 3 under these 
conditions one has: 

[1 — [8] 
Vi + Qid 

where the subscript j is either 1 or 2. These concentra- 
tions F;(u) and F2(u) occurring at the end of the passage 
of the slug are the peak values of F; and F», and are used as 
boundary conditions F,(0) and F2(0) in numerical examples 
discussed subsequently. The initial concentration in the 
tissues Cy(0) is zero. 

It is relevant to our later discussion of the slow krypton 
method to consider what fraction (@) of the krypton 
brought to the alveoli in the blood is lost in the expired 
gas and the blood which leaves during the passage of the 
injectate. The krypton remaining in the alveoli at the 
end of the passage of the injectate is 1 — 0. 


u(Vj + Qid)/L; 

in which O,Cy'u is the quantity of Kr** brought to these 

alveoli by the blood, and Fj(u) = F;(0). Figure 2 illus- 

trates the values of 6 for alveoli of different quantities of 


Fj(u) = 


0; 
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Fic. 2. THE RELATION BETWEEN ALVEOLAR VENTILA- 
TION, ALVECLAR PERFUSION, LUNG VOLUME AND THE FRAC- 
TION OF THE INJECTED KRYPTON REMAINING IN THE ALVEOLI 
AFTER PASSAGE THROUGH THE LUNG OF THE INJECTATE. @ 
is the fraction of the injected Kr*®> which is lost from the 
alveoli in expired gas and end capillary blood during the 
passage of the injectate. This passage occupies time u, 
which is 0.2 minute in this case. The diagram shows how 
much @ changes with variation in blood perfusion per unit 
lung volume (Q./L) and alveolar ventilation per unit lung 
volume (V4/L). The four blocks whose tops are shaded 
apply to conditions in Lz and indicate that in this case 6 
= 1 to 3 per cent. 


ventilation and perfusion per unit lung volume. In the 
case of the “slow” alveoli, @ is about 0.02. This concludes 
the discussion of the boundary conditions. 

When I, On, Os, Li, Le, V:, V2, T and u are known, then 
F,(0) and F.(0) can be determined. 

3. Krypton concentrations resulting from admixture: 
mixing equations. Mixed expired alveolar gas is formed 
by admixture from L,; and Ly» and its krypton concentra- 
tion Is: 


ViFi + 


Fae = [10] 
Vit Ve 
Arterial blood is also formed by admixture, 
DAF: + QodrF 
QaFi + Q: [11] 


QO: + Qs 
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TABLE I 


Parameters and b 


s used for the calculation of the three numerical examples* 


Numerical example 


Lung space Li 
(liters) L: 


Tissue space T 
Ventilation V; 
(L/min) V2 


Perfusion 
(L/min) 2 
F1(0) (cpm/L) 
F.(0) 

C, (0) 

Amount of Kr* 
injected at zero 


minus u (= 0.2) min 


(cpm) 


[260.98 = F,(10) 15.61 = F,(60)]t 
[16,542 =F2(10) 268.7 = F2(60) 
[598.8 =Cz(10) 35.42 = C;(60) ] 


* The parameters are assumed round figures which are typical of patients with severe chronic pulmonary emphysema. 
The boundary conditions have been calculated from the amount of Kr®* injected (I = 500,000 counts per minute), its 
passage time, u, through the pulmonary capillaries (u = 0.2 min), and the parameters for examples I and II. 

+ In examples Ila and I1Ib the boundary conditions are concentrations, respectively, 10 or 60 minutes after injection. 
These are indicated by the symbols F,; (10), F2 (10), Cy (10), and F; (60), F2 (60), Cy (60). 


Thus the behavior of the analog model, i.e., the changes 
with time of the Kr®> concentrations in the three mixing 
chambers, in arterial blood and in mixed expired alveolar 
gas can be completely described in terms of its parameters 
(size of chambers, exchange rates of carrier between 
chambers) and the boundary conditions. Mixed expired 
gas is mixed expired alveolar gas diluted by the admixture 
of dead space ventilation. Therefore, the mixed expired 
krypton concentration is: 


Fe = Fi? V,+V: 


Vi + V2 + Vo (12 


where V; + V2 + Vp = Ve. Vp is constant in any study 
and must be determined by other methods (18). 


D. Numerical examples calculated from the analog model 


Three numerical examples have been calculated in detail. 

1. It was of interest to know how the model behaves if 
the naturally occurring situation is imitated as closely as 
possible. The values chosen for the parameters Li,2, Vi,2 
and Ou» are typical of those found by other methods in 
patients with severe chronic pulmonary emphysema (6). 
These parameters are listed in Table I, (numerical ex- 
amples I and II). 

2. The volume of tissues, however, which equilibrates 
with Kr*5 in such patients is not known, even as an approxi- 
mation. An attempt was, therefore, made to assess the 
magnitude of the possible effect of the tissue volume on 
the washout of Kr*®* by considering two extreme situations: 


TABLE II 


Numerical values of the exponents, m, and the constants of integration, C, of Equations 6, 7 and 8 
calculated from the figures listed in Table I* 


Numerical example I 


II 


Illa 


—4.6007 
—0.1814 
—0.0636 


130,996.7 
— 706.90 
709.868 
8.157 
61,777.3 
12,214.4 
—48.273 


— 1,561.73 
1,610.11 


—4.6049 
—0.5260 
—0.1315 


130,960.0 
—1,232.488 
1,272.158 


54.168 
5,180.114 
68,765.82 


— 320.85 
—2,510.58 
2,842.32 


77.215 4.5823 
— 83.013 0.1307 
266.777 10.8969 


0.0040 0.09024 
9,593.67 — 15.1144 
6,948.32 283.814 


—0.019 —0.00117 
— 259.455 0.4087 
859.66 35.114 


* The units of the constants are counts per minute per liter, and of the exponents, minutes~. 
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in one numerical example (no. I) a value of 60 L was arbi- 
trarily chosen for the tissue volume T, whereas in the 
second numerical example (no. Il) T was assumed to be 
10 L (see Table I). 

3. It has been shown that the blood flow supplying the 
poorly ventilated lung space in emphysematous subjects 
increases by about 20 per cent when 100 per cent Oz is 
breathed instead of room air (7). In order to confirm this 
finding, a number of studies was made in which the patient 
was switched from room air to pure oxygen as the inspired 
gas in the middle of a Kr** washout. It was expected that 
a 20 per cent change in the distribution of perfusion to the 


20 minutes 4° 60 


~ 


~ 


Cam~s., 

Fic. 3. THE WASHOUT OF KRYPTON FROM THE MODEL 
IN EXAMPLE I WITH TISSUE VOLUME (T) 60 L. Symbols 
are the same in Figures 3 through 7. Circles, expired air- 
concentration, (Fg); squares, arterial blood concentration, 
(C,); triangles, mixed venous blood, (Cz). In Figures 3 
and 4 the krypton concentration in the well ventilated 
(F,) and poorly ventilated (F2) alveoli are indicated by 
dotted lines. Ordinates in Figures 3, 4 and 5 are counts 
per minute per liter on a logarithmic scale. In these same 
figures the dead space ventilation (Vp) is assumed to be 
zero, so that Fg = Fa*. When dead space ventilation is 
not zero all values of Fx are reduced: Fx = F a°(Vg — Vp)/ 
Vz, and would lie in a line below but parallel to the Fr 
lines in Figures 3, 4 and 5. The curves for Fy, Fe, Ca, Ce 
are not affected by the magnitude of the dead space 
ventilation. 


lung would be reflected in a detectable alteration of the 
washout pattern. In the numerical exampie III, we study 
this in the analog model by assuming that an instantaneous 
20 per cent increase of Q2/Qr occurs 10 minutes (example 
IIIa) and 1 hour (example IIIb), respectively, after the 
injection of Kr®, The parameters which apply to this 
situation are again listed in Table I (numerical examples 
IIIa and IIIb). Using the figures listed in Table I the 
numerical values for the constants of integration and the 
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T T 
MINUTES 


Fic. 4. WasHouT OF Kr*® FROM THE MODEL IN EX- 
AMPLE II, WITH TISSUE VOLUME (T) 10 L. The venous 
peak is earlier than in Figure 1 and compares with Figures 
5 and 6. 


exponents mj, mz and m; of Equations 5, 6 and 7 have been 
computed (Table II). Finally, the values of Fy, Fe, Cy, 
F 4°, and C, have been computed for times varying from 0 
to 120 minutes after injection. The corresponding curves 
are shown in Figures 3, 4 and 5. 


¥ 


20 minutes 7° 


Fic. 5. WasHout or Kr® IN THE MODEL III IN WHICH 
THE DISTRIBUTION OF PERFUSION CHANGES ABRUPTLY AT 
10 minuTEs (IIIA) or at 60 MINUTES (B). The modified 
curves of Fg, C, and C; resulting from this are indicated 
by dashed lines. The main effect of this change in the 
distribution of perfusion is on Cy. 
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III. COMPARISON OF THEORETICAL AND 
EXPERIMENTAL CURVES 


A. Theoretical curves 


As can be seen in Figures 3 and 4, both mixed 
expired air and mixed arterial blood behave simi- 
larly up to about 15 minutes. Thereafter, how- 
ever, the washout in example I becomes much 
more delayed ; this is due to the large size of the 
tissue compartment. The concentration of Kr* 
is highest at all times, except the first few seconds 
in the poorly ventilated alveoli (L2). In the first 
few seconds the concentration in the well venti- 
lated alveoli (F,) may exceed this if its blood flow 
(Q,) is large in relation to its volume (Li). Fi 
falls steeply due to its large relative ventilation 
(V,/L;) and then rises at about two minutes 
when Kr*® returns in larger amounts from the 
tissues (Cz). However, these events in F; occur 
at insignificant concentrations, and concern in- 
significant amounts of Kr*, when compared to 
the much larger concentrations and quantities of 
Kr® in other chambers at the same time. 

Fx always exceeds C,; in Figures 3 and 4 these 
lines run approximately parallel courses. Both 
these parameters are formed by admixture, so 
Fx must always lie between F,; and F2, and C, 
between C, and Co. 

The venous and tissue concentration (Cy) is 
initially zero and rises rapidly to a peak. It 
then falls gradually back toward zero. The 
quantity of Kr® entering the tissues before the 
peak is equal to the total quantity leaving the 


t 
tissues after the peak, i.e., Or f (C, (Cake 
0 


= Qr 8 (C> — C,)-dt, where t, is the time of 
tp 


the peak, or more generally: f (C, — CG) 
0 


-dt = 0. The peak of venous concentration 
occurs at the crossover point where C, = Cy. 
The time at which this peak occurs depends on 
the tissue volume; it is earlier in example II 
with the small tissue volume. 

In example I, with a large tissue volume, this 
dominates the rate of the latter stages of wash- 
out. Cy exceeds C, by much more than it does in 
example II. There is an inflection in the lines in 
example | after 20 minutes which is not seen in 


example II. F, exceeds C, in example I but not 
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in example II, due to this cause. The partial 
pressure in the tissues exceeds that in L, by a 
considerable amount in the late stages of example 
I, but not in example Il. (Equal partial pres- 
sures occur in Figures 3, 4 and 5 when F, = 20 
Cz) 


B. Experimental curves 


It is instructive to consider the situation which 
is found to occur in fact when Kr* is injected 
into patients with emphysema. 

Most of the experimental data which have been 
obtained so far were based on curves of Kr*® 
decay in expired air and arterial blood after in- 
jection of 300uc (7). A few studies are available, 
however, with the more complete protocol which 
included mixed venous blood. Examples are 
given in Figures 6 and 7 which should be com- 
pared with Figures 3 and 4. In Case I, 1,000 ue 
of Kr* was injected through a cardiac catheter 
into the pulmonary artery.!. Another cardiac 
catheter was used to sample venous blood. This 
catheter was in the superior vena cava. In 
Case II, 600 we of Kr*® was injected into the 
right ventricle through one catheter, while the 
other catheter sampled mixed venous blood in 
the right atrium. Samples were taken at the 
times indicated in Figures 6 and 7 from the 
brachial artery and from collections of mixed 
expired air, as well as from the cardiac catheter. 
The two subjects (Figures 6 and 7) resemble the 
model example | in the approximately parallel 
course taken by C, and Fg. The wider separa- 
tion of these in the subjects is due to the higher 
counting efficiency of our equipment for gases, 
which is not allowed for in the model curves. 
They also resemble the model in the times at 
which the various exponents dominate the Fr, 
curve. The first rapid exponent has no appar- 
ent. effect after about 5 minutes. The third 
exponent does not dominate until after 20 
minutes have elapsed. 

Subject I (Figure 6) shows resemblance both 
to example I (Figure 4) and example II (Figure 
5). As in example I, he has a prolonged slow 
washout, presumably from tissues, which indi- 


1 The tracheal mucosa, which is the tissue most irradi- 
ated, receives a dose of 0.7 rad after the intravenous in- 
jection of 1,000 ue of Kr8*, This small dose is calculated 
on the basis of a biological half-life of 10 minutes. 
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is 
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cates that some tissues which took up Kr*® are 
perfused by a relatively small blood flow. Like 
example II, he shows an early venous concentra- 
tion peak, but this peak does not coincide with 
the crossover point of the arterial and venous 
concentration curves. When mixed venous 
blood is sampled, it is mathematically inevitable 
that the peak coincides with the crossover point. 
The inconsistency here arises from the position 
of the sampling catheter in the superior vena 
cava. Case II is given here, although the 
smaller injected dose results in low and therefore 
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Fic. 6. WasHout oF Kr®> 1n Case I, WITH CHRONIC 
PULMONARY EMPHYSEMA. ‘The venous sampling catheter 
was in the superior vena cava. The venous peak is at 2 
minutes. The C, and C; lines cross later (see text). In 
Figures 6 and 7 the ordinates are counts per minute on a 
logarithmic scale. In blood, 1 myc per ml gives 70 cpm; 
in gas, 1 myc per ml gives 6,200 cpm. 


erratic counts later in the study, to show that 
when mixed venous blood is sampled inside the 
heart, the peak and crossover points do in fact 
coincide. Furthermore, the peak occurs early, 
as in example II, rather than late, as in example 
I. 

These considerations suggest that when deal- 
ing with the earlier points of the curve (0 to 15 
minutes), the model with the small effective 
tissue volume (example II) is more applicable, 
whereas in the late stages (60 minutes), the 
model with the large tissue volume (example 1) 
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5 10 2 25 
~ minutes 


Ca 


Fic. 7. WasHout or Kr*® 1x Case II witH CHRONIC 
PULMONARY EMPHYSEMA. ‘The venous peak is at 3 minutes 
and coincides with the crossover point of the C, and Cy 
lines. The venous sampling catheter was in the right 
auricle. The later C, and C; points are scattered because 
of the low activity after a relatively small injectate (see 
text). 


is closer to the observed facts. At least two 
tissue compartments with different blood flows 
per unit volume would be needed to fit an early 
peak which occurred with a slow rate of late 
fall in Cy as is suggested by the lines drawn among 
the scattered points in Figure 7. 


TABLE III 


Effects of changes in the distribution of perfusion upon the 
ratio of Kr*® concentration between arterial blood (Ca) 
and the expired air (Fxr)* 


02/Or increased 
Time unchanged by 20% 
after 
injection Cs/Fe Increase 
min At % 
10 0.265 0.318 20 
12 0.258 0.320 24 
50 0.205 0.273 33 
Bt 
60 0.204 0.241 18 
62 0.204 0.268 31 
100 0.204 0.273 34 


* Dead space ventilation is zero, so Fg = Fa’. 
7 A, at 10 minutes; B, at_60 minutes. 
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Be that as it may, the data in Figures 6 and 7 
show reasonable agreement with the three- 
compartment model and the imperfections and 
irregularities inevitable in data of this type do 
not warrant any more involved system of inter- 
pretation at present. 


C. Influence of instantaneous changes in the distri- 
bution of perfusion upon the curves 


The principal changes occurring in the washout 
pattern when the distribution of perfusion is 
altered instantaneously (increase of Q2/Qr by 20 
per cent) are summarized in Table III. The 
most striking change takes place in the mixed 
arterial blood : its Kr** concentration increases in- 
stantaneously by 20 per cent if the distribution 
of perfusion changes at 10 minutes and by 18 per 
cent if Q2/Qr rises at 60 minutes. An equally 
important change will occur in the ratio of the 
Kr*® concentrations of simultaneously collected 
arterial blood and gas specimens. However, 
the changes in the Fg and C; curves are slight, 
as can be seen in Figure 5. This illustrates the 
important point that changes in the distribution 
of perfusion can be detected only by the arterial 
blood composition, or by some ratio related to 
this, such as C,/F pr. 


IV. METHODS FOR THE ANALYSIS OF EXPERI- 
MENTAL CURVES TO DERIVE RELATIVE VENTI- 
LATION AND/OR PERFUSION OF 
COMPARTMENTS 


So far we have been considering the behavior 
of a theoretical three-compartment model. We 
have chosen arbitrary values for its parameters 
and tried to predict the changes with time of 
Kr* in the three compartments. The ultimate 
aim of a washout study is, of course, reciprocal : 
we must analyze the experimental data and we 
want to determine from such an analysis as 
many parameters as possible (i.e., in our case, 
volumes, ventilation and perfusion). 

Such an analysis will vary depending on 
whether the experimental protocol provides ac- 
cess to all three possible sampling sites—expired 
air, arterial and mixed venous blood (which en- 
tails sampling from the right heart)—or whether 
access is limited to expired air and arterial blood. 
First, a method is indicated which might be 
used under optimal conditions. Second, two 
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approximation methods are described which 
have been widely used for the evaluation of actual 
experimental data. Finally, an attempt is made 
to assess the possible error introduced by the 
use of approximation formulae. 


A. Exact analysis for curves obtained under opti- 
mal conditions: sampling from three sites— 
G, he and F E 


The task in this case is to analyze the three 
experimental curves for Fp, C, and Cy. Since 
the C> curve represents the output from one 
single compartment, its conventional analysis 
(10) should readily yield the numerical values 
of its constants and exponents, i.e., °C; 
and mz and m3. This, however, can only 
yield useful values when the data show less 
scatter and continue for longer periods than is 
the case in Figures 6 and 7, since the first stage 
in the analysis is the exact determination of the 
slowest component of the washout in venous 
blood. The analysis of the Fg and C, curves is 
complicated by the fact that they each represent 
a mixture of the contents of more than one com- 
partment. Nevertheless, a method for deriving 
the values of On, 0. Vi, Vo, Li, Lz and T from the 
analysis of the curves has been developed.?_ It 
would be very laborious to use in practice. 
Furthermore, the values derived are most sensi- 
tive to the rate of washout from the tissues, and 
are dependent on the assumption that there is 
only one tissue compartment. 


B. Sampling from two sites for a limited time—C, 
and Fx: approximation methods 


If catheterization of the right heart cannot be 
performed, no representative specimen of mixed 
venous blood can be obtained and sampling is 
confined to mixed arterial blood and mixed ex- 
pired air. Furthermore, in practice, studies are 
limited in time. When 300 yc, which was the 
usual dose, is injected C, and Fx are too low for 
accurate counting with our equipment about 20 
minutes after injection. 

The slow krypton method for determining Q2/Qr. 
This depends on the notion that the fate of the 
injected Kr** is determined in the branches of 

2A description of this method of analysis, which was 


developed with the help of Mr. Boss, will be sent by the 
authors on request. 
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the pulmonary artery a few seconds after in- 
jection, and just prior to its passage through the 
lung. Those Kr* molecules which are directed 
to the well ventilated alveoli pass into the alveo- 
lar gas and are rapidly eliminated in the expired 
air in the next two or three minutes. Those 
molecules which are directed to the poorly venti- 
lated alveoli remain much longer in alveolar 
gas. They are slowly eliminated in the expired 
air from the poorly ventilated alveoli and to a 
lesser extent from the well ventilated alveoli 
which they reach after transfer to and temporary 
storage in the tissues. An assessment of this 
quantity which is slowly eliminated is made as 
follows. 

It can be seen from Figure 7 (experimental 
data) that, when data for Fx are available for 
only 20 minutes they resemble, within the limits 
of experimental error, a washout with only two 
exponents, my and ms, and two constants, C, 
and C;: 


[13] 


The values for ms and C; can be determined by 
the slope and the intercept at zero time of a line 
drawn through the data between 5 and 20 min- 
utes. These constants do not necessarily have 
any simple relationship to those numbered 1, 2 
and 3. There is no need for such algebraic 
formulation since they are used merely to derive 


an integral: f e™*t-dt. This quantity 
0 


of krypton which is slowly eliminated is con- 
sidered as an approximation to consist of those 
molecules which were present in L2 at zero time, 
i.e., 


Fg = Cye™t + Crem, 


F,(0) Ly = I emst.dt. 
0 


Furthermore, it is shown in Figure 2 that @ is 
about 2 per cent in the slow alveoli, i.e., 98 per 
cent of the Kr®* which reached these alveoli in the 
blood during the passage of the injectate is pres- 
ent in the alveolar gas at the end of this passage. 
Thus L2-F,(0) = I-Q./Qr where I is the total 
quantity of Kr injected. Therefore, Q2/Qr can 
be estimated by the relationship: 


VeC; f * emst dt 


Or I 
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where | is the total quantity injected or the total 
quantity eliminated in expired gas in infinite 
time. This approximation was tested by analyz- 
ing the data over the period 5 to 20 minutes in 
examples I and II in each of which Q2/Qr = 
0.60. In example I, Q2/Qr was estimated at 
0.524, an error of —12.6 percent. In example 
II the estimate was 0.609, an error of +1.5 per 
cent. 

The partition coefficient method for determining 
Q./Qr. Like the slow krypton method, this 
method of assessing Q2/Qzr depends on data col- 
lected in studies limited in time to 15 or 20 min- 
utes. In this case data for both C, and Fx are 
used. It is evident from study of examples I 
and II that in the period from between 5 and 20 
minutes after injection, the Kr*> which was initi- 
ally present in the fast alveoli, LiF,(0), has been 
eliminated. The only Kr* in L; is that brought 
by the blood from the tissues. During this 
period F, is small compared to F2, and may be 
regarded as negligible. If F; is zero then the 
only source of Kr** in C, and Fx in this period, 
from 5 to 20 minutes, is Ly In that case the 
following approximate relationship can be used 
to determine Q2/Or: 


[15] 


in which C, and Fg are simultaneous measure- 
ments at a time between 5 and 20 minutes after 
injection, and V2/Vx is known by use of another 
technique (Nz washout curve). Applying this 
method to examples I and II in which Q./Qr 
= 0.60 we have estimates of 0.543 and 0.524 for 
Q./Or. They are in error by —9.5 and —12.6 
per cent, respectively. 

Thus, these two arbitrary assessments of 
Q2/Qr, the slow krypton method and the parti- 
tion coefficient method, have errors in these ex- 
amples comparable to the errors of other physi- 
ological assessments in man. 


SUMMARY 


1. The behavior of intravenously injected 
Kr* in the emphysematous patient is considered 
in terms of a model composed of three compart- 
ments: well ventilated alveoli, poorly ventilated 
alveoli, and tissues. 

2. The differential equations applicable in 
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this model have been solved. Using typical 
emphysematous values for the volume, ventila- 
tion and blood flows of the two lung compart- 
ments, the behavior of Kr* in the various gases 
and blood streams is predicted when the effective 
tissue volume is either 10 or 60 L. Further cal- 
culated examples show the predicted effect of 
changes, during a study, in the distribution of 
blood flow to the lungs. 

3. Data are presented on the findings in two 
patients with emphysema in whom Kr* con- 
centrations were followed in expired air, arterial 
blood and mixed venous blood, after intracardiac 
injection of Kr**, The behavior of the patients 
resembled that predicted for the model; the 
differences are discussed. 

4. A method has been developed in which, by 
analysis of simultaneous expired, arterial and 
mixed venous concentration curves, the distribu- 
tion of perfusion to the lung could be assessed. 
It is laborious in use and of very doubtful valid- 
ity. Two approximate methods for determin- 
ing the distribution of perfusion in the lung are 
presented. One depends only on expired gas 
analysis and the other on expired gas and arterial 
blood analysis. When tested on the predicted 
curves these appear to be in error by about 10 
per cent. 
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After the synthesis of desoxycorticosterone 
(DOC), it became apparent that this cortico- 
steroid, the physiological effects of which are con- 
cerned primarily with sodium and potassium me- 
tabolism, can produce a state of hypertension both 
in animals and in man (1, 2). The induced hy- 
pertension is dependent upon the administration 
of adequate amounts of dietary sodium, whereas 
the hypertensive state, produced by administra- 
tion of glucocorticoids such as cortisone, differs 
in that it is independent of the dietary sodium 
content (3). 

More recently, following the chemical and bio- 
logical characterization of the mineralocorticoid 
hormone, aldosterone (4), a disease state associ- 
ated with primary hypersecretion of this hormone 
has been described in man (5). Aldosterone pro- 
duces effects on sodium and potassium metabolism 
similar to those of desoxycorticosterone, and the 
clinical syndrome of primary aldosteronism re- 
sembles the disease state produced by chronic ad- 
ministration of DOC to dogs (6). Arterial hy- 
pertension has been a consistent finding in pa- 
tients with primary hyperaldosteronism. 

A number of other observations have suggested 
a relationship between the dietary sodium intake 
and the blood pressure level of patients with pri- 
mary (benign essential) hypertension. The bene- 
ficial effects of sodium deprivation, and of various 
natriuretic agents in certain patients with hyper- 
tension, is well known. In addition, other stud- 
ies have suggested that abnormalities of intracel- 
lular sodium and potassium content may occur in 
patients with arterial hypertension (7). Genest, 
Koiw, Nowaczynski and Lebouef (8) have re- 


* This work was supported by a grant from the United 
States Public Health Service (H-1275), the Fleitas Fund, 
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ported that the urinary excretion of aldosterone 
was significantly increased in 55 per cent of their 
patients with hypertension of diverse etiologies. 
The increased levels of urinary aldosterone were 
not correlated with any abnormality of sodium or 
potassium metabolism, nor did the increased val- 
ues appear to be specifically associated with any 
particular type of hypertensive disease. 

It has been recognized that the measurement of 
urinary excretion of unchanged hormone may not 
accurately reflect significant changes in adrenal 
secretion of aldosterone. During the past several 
years a method has been devised which provides 
an estimate of the amount of aldosterone which is 
actually produced by the adrenal glands (9). The 
technique involves the injection of a trace amount 
of tritiated aldosterone and the determination of 
the specific activity of a urinary metabolite of al- 
dosterone in the subsequent 24 hour urine. The 
difference between the specific activity of the 
injected hormone and that of the urinary metabo- 
lite is considered to be a measure of the endoge- 
nous production of aldosterone and, as such, per- 
mits the estimation of the daily secretion rate. 
In the present report, this technique has been ap- 
plied to the study of patients with arterial hyper- 
tension. In the course of these studies an effort 
has been made to correlate abnormalities in al- 
dosterone secretion with abnormalities in sodium 
and potassium metabolism and, when possible, 
with changes in the morbid anatomy of the adrenal 
gland itself. The results have been compared with 
values obtained from normal subjects and from 
patients with known primary aldosteronism. 


METHODS AND MATERIALS 


Patient selection. All of the patients studied were 
hospitalized. A complete history and physical examina- 
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tion, routine laboratory tests, plasma and urinary elec- 
trolytes, intravenous pyelography and measurement of 
catecholamine excretion were obtained in all patients. 
None of the patients included in the group had evidence 
of congestive heart failure. Frequently, the dietary in- 
take of sodium was stabilized by means of a constant diet 
prepared by the metabolic ward kitchen, and serial con- 
trol observations were then made while the patients were 
on the metabolic ward. These detailed studies will be 
reported at a later date. Some of the patients were hos- 
pitalized at the Goldwater Memorial Hospital, Columbia 
Division. All of the latter group had been in the hos- 
pital for considerable periods of time, and in several 
instances, daily blood pressure measurements for sev- 
eral years, as well as frequent determinations of plasma 
and urinary electrolytes, were available. 

Classification of hypertensive patients. After efforts 
to exclude primary renal or adrenal disease the remain- 
ing hypertensive group selected for study was subdi- 
vided. The patients with elevated blood pressures but 
with no evidence of renal insufficiency or of arteritis 
were classified as “primary hypertension” (often called, 
“benign essential” hypertension). The patients with 
high blood pressure and evidence of renal or retinal com- 
plications were classified as “advanced hypertension” or 
“primary hypertension with complications.” The cri- 
cerion for renal complications was the presence of either 
proteinuria or a blood urea nitrogen greater than 30 mg 
per 100 ml or both. Retinal complications refer to the 
presence of retinal hemorrhages (Grade III retinopathy 
according to the standard classification). Patients with 
unequivocal papilledema were classified as the accelerated 
form or “malignant” hypertension. It was recognized 
that this classification, although useful, was arbitrary, and 
that diverse etiologies could exist within these categories. 
For comparative purposes a group of patients with pri- 
mary aldosteronism was also studied. Diagnosis in these 
patients was made on the basis of 1) hypokalemic alka- 
losis, 2) hypertension, and 3) the finding of an adrenal 
tumor at operation or at postmortem. 

The metabolic ward techniques and the methods used 
for measurement of plasma and urinary electrolytes 
have been reported previously (10). Blood pressures 
were measured with a standard cuff-type mercury 
manometer. 

The d-aldosterone employed in this study was tritiated 
by the Wilzbach procedure (11) in the laboratories of 
the New England Nuclear Corporatibn. It was then 
purified to constant specific activity by paper chromatog- 
raphy. The paper used in the final chromatogram was 
washed in a Soxhlet apparatus with ethanol for 1 week 
prior to use. The aldosterone was eluted from this 
chromatogram with ethanol, and the eluate was filtered 
through a fine sintered glass filter. This solution was 
diluted with sterile water to make a 10 per cent ethanol 
solution for intravenous injection. 

Urine was collected for 24 hours after the injection 
of tritiated aldosterone and hydrolyzed with B-glucuroni- 
dase at pH 5.0 for 3 days at 37° C. An extract of the 
hydrolyzed urine was prepared with ethyl acetate. The 
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tetrahydro-metabolite of aldosterone was isolated from 
the extract by paper chromatography, and acetylated 
with C*-labeled acetic anhydride of known specific ac- 
tivity. The triacetate of the metabolite then was chro- 
matographed first on paper and next on a partition col- 
umn. The H*/C* ratios in the fractions from the par- 
tition column were determined by liquid scintillation 
counting with a Packard Tri-Carb scintillation counter 
using the discriminator ratio method of Okita, Kabara, 
Richardson and LeRoy (12). Constancy of the ratios in 
the area of the tritium peak is indicative of radiochemical 
purity. The aldosterone secretion rate in micrograms 
per day can be shown to equal 


counts per minute of aldosterone injected 


specific activity of the metabolite in 24 hour urine’ 
(counts per minute per microgram) 


H*/C™ times the specific activity of the C**-acetic anhy- 
dride equals the specific activity of the aldosterone me- 
tabolite. It is evident that the H*/C™ ratio is a meas- 
ure of the specific activity of the metabolite. This tech- 
nique has been previously outlined (9) and will be de- 
scribed in detail in a manuscript which is in preparation. 

Plan of study. Because aldosterone secretion varies 
considerably with the dietary sodium intake (9), an ef- 
fort was made to stabilize the dietary sodium content for 
at least 5 days prior to study. With this precaution and 
in the absence of any demonstrable renal or adrenal in- 
sufficiency it was felt that the 24 hour urinary sodium 
level represented a reasonably good index of sodium me- 
tabolism at the time the aldosterone production was meas- 
ured. In 17 subjects in whom a metabolic balance was 
not feasible the urinary sodium content was checked for 
several days before and after the administration of al- 
dosterone. If these values were not grossly reduced 
(below 20 mEq per day), if the patients exhibited no 
other signs of fluid retention, and if there was no his- 
tory of recent sodium deprivation, a state of sodium 
retention was considered unlikely. However, in most 
(20 of 27) of these patients a complete metabolic 
balance was carried out. In no instance did the pa- 
tients receive diuretic agents for at least 3 weeks prior 
to study. 


RESULTS 


The results are summarized in Table I and in 
Figure 1. 
Normal subjects. 


In Figure 1 the results ob- 
tained in eight normal subjects on unselected diets 


are presented graphically. The aldosterone se- 
cretion rate ranged from 150 to 330 wg per day in 
these eight subjects. The corresponding 24 hour 
urinary sodium outputs ranged from 82 to 254 
mEq per day. With the same techniques em- 
ployed as in the present study, it has been shown 
previously that normal subjects studied increased 
their aldosterone secretory rate to about 1,000 
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pg per day in response to sodium deprivation, and 
that the feeding of large amounts of sodium re- 
duced the rate to as low as 50 pg per day (9). 
Primary hypertension. In eight subjects with 
primary hypertension the adrenal secretory rate 
of aldosterone ranged from 180 to 330 yg per day. 
These values are within the normal range. In 
this group, there were no abnormalities in either 
plasma or urinary electrolytes suggestive of aldo- 
steronism. All but one of these subjects (no. 2) 
were without medication. Prior to the study, two 
of the subjects (nos. 2 and 7) had had at least one 
cerebral thrombosis with recovery. There was no 
evidence of renal failure nor of any other compli- 
cations in the subjects included in this group. 
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Unilateral renal disease. Patients 9 and 10 
manifested the clinical picture of advanced hyper- 
tension which was presumably the result of uni- 
lateral renal disease. In Patient 9 the diagnosis 
had been established by demonstration of anoma- 
lous right renal arteries on aortography and was 
confirmed by surgical removal of the abnormal 
right kidney and a subsequent sharp fall in blood 
pressure which has now been sustained for a year. 
A filling defect in one kidney was clearly demon- 
strated by pyelography in Patient 10 three years 
after the onset of severe hypertension. This pa- 
tient was considered a poor surgical risk, and 
nephrectomy was not performed. Aidosterone se- 
cretory rates of Patients 9 and 10 were within the 


TABLE I 
Aldosterone secretory rates and related clinical and morphological findings in hypertensive patients 


Degree 
and dur- 
ation of 

hyper- 


Urinet Plasmat 


Aldosterone 
secretion rate 


Patient no. and tension 
diagnosis* B.P.t Study date 


Na 


© K COs Urea Pathology and remarks 


ug/day 
1 


Primary 
hypertension 


250/140 
10 yrs 
200/120 


2/24/58 180 


2 


Primary 
hypertension 


200/130 
16 yrs 
135/85 


3/19/58 


3 
Prim: 


ary 250/120 
hypertension 


10 yrs 
190/120 


7/9/58 


4 


Primary 
hypertension 


190/122 
9 yrs 
180/110 


3/12/59 


5 


Primary 
hypertension 


220/110 
6 yrs 
190/110 


4/11/59 


6 


Primary 
hypertension 


240/140 
13 yrs 
220/120 


9/2/58 


7 


Primary 
hypertension 


180/120 4/2/59 


6 yr 
170/110 
8 


Primary 
hypertension 


220/110 
20 yrs 
210/100 


5/15/59 


9 
Unilateral 
renal disease 


270/240 
11 yrs 
225/150 


9/14/58 
(Before 
nephrectomy) 


10 


Unilateral 
renal disease 


198/113 4/16/59 
s 


3 yr 
195/110 


mEq/day 


me/ 


mEq/L 100 ml 


72 «45 4.3 23 


On hydralazine and re- 
serpine; had had multi- 


ple ‘‘strokes”” 


Had one small ‘“‘stroke 
and diabetes 


Anomalous right renal 
arteries; Grade I fundi 
(had sympathectomy 
in 1947) 155/110 post- 
nephrectomy. 


On chlorothiazide, reser- 
pine and hydralazine 


* Patient 12 was studied through the courtesy of Dr. Robert D. Gittler; Patient 13, courtesy of Dr. Marion Isaacs of the Veterans Administra- 


tion Hospital, First Avenue at 24th Street; Patient 14, courtesy of Dr. H. Chase of Brooklyn Jewish Hospital. 
through the kind cooperation of Dr. Milford Fulop of the Albert Einstein College of Medicine. 


(14). 
Tt At time of study. 


Patients 20 and 26 were studied 
Patient 27 has been previously reported in detail 


Age 

| ; 

55 3° 10015 

F 

180 196 81 133 138 4.3 25 102 15 
320 138 49 134 3.8 25 103 22 

38 | 320 59 63 148 25 100 17 

ss | 330 101 152 144 4,2 28 99 
12 200 66 45 57 140 4.3 25 105 16 

ae 

+4 340 188 76 194 130 3.1 27 97 
‘ 
|, 


Patient no. and 
diagnosis* 
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Degree 
and dur- 
ation of 

hyper- 
tension 

B.P.t 


Study date 


TABLE 1—Continued 


Urinet Plasmat 


Aldosterone 
secretion rate Na K_ Cl K CO: Cl 


Urea 


Pathology and remarks 


Primary 
aldosteronism 


12 
Primary 
aldosteronism 


13 
Primary 
aldosteronism 


14 
Primary 
aldosteronism 


15 
Primary 
aldosteronism 


16 

Primary 
hypertension 
with complica- 
tions 


17 

Primary 
hypertension 
with complica- 
tions 


18 

Primary 
hypertension 
with complica- 
tions 


19 

Primary 
hypertension 
with complica- 
tions 


20 

Primary 
hypertension 
with complica- 
tions 


21 

Primary 
hypertension 
with complica- 
tions 


22 

Primary 
hypertension 
with complica 
tions 

23 

Primary 
hypertension 
with complica- 
tions 


33 


200/135 
35 yrs 
180/110 


205/110 
15 yrs 
180/110 


240/120 
10 yrs 
220/120 


180/110 
10 yrs 
180/110 


250/150 
5 yrs 
190/130 


240/110 
12 yrs 
155/75 


220/125 
12 yrs 
145/80 


155/100 


7 yrs 
155/105 


170/100 
4 yrs 
170/100 


250/140 

3 yrs 
250/140 
170/110 


240/130 


210/120 
6 yrs 
160/100 


220/120 
4 yrs 
190/110 


7/15/58 


7/7/58 


9/5/58 


2/9/59 


3/3/59 


3/19/58 


3/19/58 


4/16/59 


4/16/59 


6/16/58 


9/20/58 


7/27/59 


7/30/59 


pe/day mEq/day mEq/L 


650 54 30 2.0 44 


1,350 


1,000 
1,690 
(After right 
adrenalectomy) 


450 


1,170 


350 
(Postop.) 


mg/ 
100 ml 


20 


Right adrenal adenoma, 
left adrenal atrophy; 
arteriolar nephrosclero- 
sis moderately  ad- 
vanced 


Left 2.5 cm adrenal cor- 
tical adenoma removed; 
no polyuria 


Adrenal adenoma 1 inch 
yellow; microscopic not 
unusual; never 
high; B.P. 160 to 180/ 
110 postop.; K normal; 
GFR slightly low 


No polyuria; 3.5 cm 
tumor removed from 
right adrenal 


Right adrenal gland re- 
moved (normal gland) ; 
left gland had tumor 
1.5 cm removed later 
(7/1/59) 


Hydralazine fundi grade 

I; proteinuria; de- 

creased urea clearance; 
stroke 1949 


Hydralazine and_reser- 
pine; fundi grade III 
for 5 yrs; died in 
uremia 


One kidney nonfunction- 
ing for 1 yr by pyelo- 
gram calcified pineal; 
had stroke 2 yrs ago 
and thrombosis of ret- 
tinal artery 


Hydralazine and hydro- 
chlorothiazide; pro- 
teinuria grade III ret- 
inopathy 


Bilateral grade III retino- 
pathy ; normal glands at 
exploration; left gland 
removed; postop. cor- 
rection of slight plasma 
alkalosis; persisted hy- 
pertension 8 mos later 
of 180/110 


Mild diabetes 


Hemorrhages in  fundi 
noted 1954, albuminu- 
ria + 


Malar rash 1954 and 
arthralgia, at times 
+++ albuminuria, L. 
E. prep. negative 


1094 | 
| 
: 
Age 
| 
42 510 58 S4 45 141 25 37 107 15 
F 
160 71 140 2.3 24 110 15 
47 585 140 26 38 90 18 
F 
64 68 148 3.2 33 101 14 
es 63 a7 | 102 44 70 143 3.5 28 103 50 
M 
| 
| 
ee 56 a7 960 87 61 103 138 3.7 28 100 37 
510 115 57 133 130 44 25 101 31 
F 
150 75 163 138 4,5 26 100 18 
130 99 «44 138 4.0 263 14 3+ 
M 18 yrs 
190/100 
240 85 49 142 3.9 27.7 100 17 
7/15/59 575 137.57 140 5.0 26 103 25 
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Degree 
and dur- 
ation of 
hyper 
Patient no. and tension Aldosterone 
diagnosis* B.P.+ Study date secretion rate 


24 


Malignant 240/149 9/13/58 520 
hypertension 12 yrs 
160/110 


Malignant . 250/150 4/28/58 600 
hypertension M 20 yrs 
240/150 6/9/58 760 
(Postop. 
first stage) 


26 

Malignant 250/150 3/19/58 
hypertension 9 yrs 

215/130 

27 

Malignant 240/160 4/21/58 
hypertension M 2 mos 

250/150 


Malignant 170/100 4/16/59 
hypertension 4 yrs 
165/100 


29 


Malignant 280/160 4/21/59 
hypertension 3 yrs 
230/130 


30 
Malignant +4 220/130 5/15/59 1,220 


4 yrs 
160/110 


hypertension 


31 


Malignant 250/160 3/21/59 
hypertension yrs 3/26/59 
33 240/150 4/8/59 


Malignant 250/150 10/8/58 
hypertension 15 yrs 
200/100 


Malignant 260/150 9/28/58 
hypertension 

34 

Malignant 300/150 8/30/58 
hypertension 5 yrs 

250/140 


Malignant 260/140 9/18/58 
hypertension 


yrs 
240/150 


yrs 
230/130 
36 


Malignant 250/149 6/30/59 
hypertension 14 yrs 
240/140 


Malignant 250/160 7/3/59 
hypertension 12 yrs 
220/160 


38 


Malignant 27 7/25/59 700 
hypertension M 6 mos 
240/140 


normal range, 200 and 340 yg per day, respec- 
tively. 

Primary aldosteronism, Patients 11-15 repre- 
sent examples of proven primary aldosteronism 
(Conn’s syndrome). In these patients the adrenal 


TABLE I—Continued 


Na 


Urinet Plasmat 


K Cl Nez Urea Pathology and remarks 


me/ 


mEq/day 100 ml 


130 


67 122 138 3.6 30 53 Mecamylamine and _ re- 
serpine 


Not helped by bilateral 
adrenalectomy in 2 
stages; terminal ure- 
mia; adrenal glands 
showed nodular hyper- 
plasia but normal 
weight, proteinuria + + 


Reserpine 


Bilateral adrenal cortical 
hyperplasia at  post- 
mortem 


Hydralazine and _reser- 
pine; was alkalotic at 
times; was severely ma- 
lignant prior to drug 
therapy (4 yrs ago) 


Adrenal glands  over- 
weight and hyperplastic 
at postmortem 


Hydralazine and  me- 
camylamine 


Adrenal glands normal 
weight; possibly hyper- 
plasia 


Microscopic adrenal hy- 
perplasia (nodular) 


Had sympathectomy 
8/56; adrenals ‘‘nor- 
mal” at operation 


Normal aortogram 


Hydralazine, had sym- 
pathectomy 1 yr prior 
to test with consider- 


able benefit 


Polyuria 2 to 3 L for 
12 yrs 


Plasma _ bicarbonate as 
high as 40 mEq/L, K as 
low as 2.1; glands 
grossly normal at post 
but hyperplastic micro- 
scopically 


135 3. 25 Many retinal hemor- 
rhages; ++ albuminu- 
ria 

secretory rate was significantly increased above 
normal values, ranging from 510 to 1,690 pg per 
day. These elevated aldosterone values were 
found in the face of relatively high values for uri- 
nary sodium excretion. All of these patients ex- 
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Unilateral 
Renal | 
|Disease | 
| 
Primary | 
Aldosteronism 


due to 
Adrenal Tumor 


SUBJECTS 


5 


| 
NORMAL | 
1 
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ALDOSTERONE SECRETION IN MICROGRAMS PER DAY 
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Advanced 
Hypertension 


Malignant 
Hypertension 
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ADRENAL SECRETION RATES OF ALDOSTERONE (in MICROGRAMS PER 24 HOURS) FOR 8 NORMAL SUBJECTS, 


8 PATIENTS WITH PRIMARY HYPERTENSION, 8 PATIENTS WITH PRIMARY HYPERTENSION WITH COMPLICATIONS (“ap- 


VANCED” HYPERTENSION), AND 15 PATIENTS WITH MALIGNANT HYPERTENSION. 


For comparative purposes 2 pa- 


tients with unilateral renal disease and 5 patients with primary aldosteronism are presented. The urinary sodium 
content of the corresponding 24 hour urine collection is also shown. There is no evident hypersecretion of aldo- 
sterone in primary hypertension. In malignant hypertension marked hypersecretion of aldosterone was found and 
the values were often higher than those encountered in patients with primary aldosteronism. The patients with 
malignant hypertension resembled those with primary aldosteronism in that the hypersecretion was not associated 


with grossly reduced sodium excretion. 


hibited hypokalemia and all but one had an ele- 
vated plasma bicarbonate level. All of these pa- 
tients had adrenal adenomas. In Patient 11 the 
tumor was found at autopsy after a negative 
laparotomy. In Patients 12-15 the symptomatol- 
ogy was relieved by surgical removal of an adrenal 
adenoma. Patient 15, a girl, aged 17, exhibited 
severe hypertension with papilledema. This pa- 
tient was improved after a two-stage total adrenal- 
ectomy. An adenoma of the right adrenal gland 
was found, but all of the adrenal tissue appeared 
hyperplastic on microscopic study. The signifi- 
cance of the adenoma is thus questionable. Pre- 
cise classification of this patient is, therefore, diffi- 
cult, since, as will be seen, she could also have been 
classified as malignant hypertension with adrenal 
hyperplasia. 

Primary hypertension with complications (Pa- 


tients 16-23). The patients included in this group 
had had their hypertensive disease for periods of 
from 3 to 18 years. Three of these eight patients 
were on antihypertensive medications as indicated 
(Table I) at the time of the study. Five of the pa- 
tients included in this group had significant ni- 
trogen retention (nos. 16-19 and 21) and seven 
had retinal hemorrhages (nos. 16, 17, 19-23). 
The aldosterone secretion rates ranged from 130 
to 1,170 wg per day in these patients. In five of 
these eight the values were above 500 yg per day 
and appeared significantly elevated above normal. 
As in the patients with primary aldosteronism, 
the increased aldosterone production was observed 
in the presence of relatively high urine sodium 
levels (Figure 1). The plasma bicarbonate levels 
were 28 mEq per L or higher in four of these 
patients, and in all but one plasma potassium levels 
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were less than 4 mEq per L. With one exception 
(Patient 19) the increased aldosterone secretory 
rates were found in the patients with relatively 
high plasma bicarbonate levels. In five of the 
eight patients in this group the blood urea nitro- 
gen exceeded 30 mg per 100 ml. However, the 
elevated aldosterone production did not appear to 
be constantly associated with this nitrogen re- 
tention. 

Patient 20 was subjected to laparotomy, and, 
when no tumor was found, a left adrenalectomy 
was carried out. The gland was grossly normal 
but microscopically revealed some nodularity and 
focal hyperplasia. It is of interest that following 
this procedure there was a sustained (9 months’ 
observation) fall in blood pressure to levels of 
170/110 and complete clearing of retinal hemor- 
rhages. After the unilateral adrenalectomy the 
aldosterone secretion rate was also markedly re- 
duced from 1,170 pg per day to a value within 
the normal range of 352 pg per day. The se- 
quence of events raised the possibility that hyper- 
secretion of aldosterone might have been a factor 
in accelerating this patient’s hypertensive disease. 

Malignant hypertension (Patients 24-38). Fif- 
teen patients with malignant hypertension char- 
acterized by papilledema were studied. The 
known duration of the hypertension in this group 
ranged from 2 months to 20 years. However, 
the duration of the papilledema in these cases is 
difficult to determine. In most instances, it ap- 
peared to be a relatively recent development as 
the disease state progressed from the benign to 
the so-called accelerated form. 

The adrenal secretion rate of aldosterone in 
these patients with malignant hypertension ranged 
from 190 to 10,000 pg per day. All of the values 
were markedly elevated above normal except for 
that of Patient 35. The range for the remaining 
14 patients was from 520 to 10,000 yg per day. 
Patient 35 differs perhaps from the rest of the 
group in that at the time of study she was con- 
siderably improved following sympathectomy. 
Furthermore, more recently, papilledema has sub- 
sided, and this patient appears to be free of the 
“malignant” state. Another sympathectomized 
patient in the group (no. 33) exhibited an ele- 
vated secretion rate, but in this patient the opera- 
tion was not associated with clinical improvement. 
In this group of patients with malignant hy- 


ALDOSTERONE AND HYPERTENSION 1097 


pertension, significant nitrogen retention was pres- 
ent in 9 of the 15 (blood urea nitrogen over 30 
mg per 100 ml). Despite this evidence of renal 
insufficiency, in 6 of the 15 the plasma bicarbonate 
values were 30 mEq per L or higher, and in 9 
of the 15 the values were 28 mEq per L or higher. 
These values appear particularly impressive be- 
cause they were often encountered in the pres- 
ence of nitrogen retention, which is character- 
istically associated with retention of fixed anions 
and an associated reduction in the plasma _bi- 
carbonate concentration. Perhaps even more 
striking was the fact that in 13 of the 15 patients 
in this group the plasma potassium values were 
found to be less than 4.0 mEq per L, and in 10 of 
15 were less than 3.8 mEq per L. Again, in the 
face of renal insufficiency, the tendency to hypo- 
kalemic alkalosis in these patients is noteworthy 
and perhaps affords supporting evidence suggest- 
ing the presence of hyperaldosteronism. 

The markedly increased aldosterone secretion in 
this group of patients was found, as in the patients 
with Conn’s syndrome, to occur in the presence of 
relatively high urinary sodium levels and was, 
therefore, clearly not associated with a state of 
progressive sodium retention. Although the uri- 
nary Na levels were never grossly reduced (range, 
25 to 113 mEq per day), they were somewhat 
lower than those in the other patients (see Figure 
1). There was no evidence of significant positive 
sodium balance in any of these patients and the 
lowered excretions were the result of lower in- 
take. The increased aldosterone secretion ap- 
pears to be far in excess of what one would nor- 
mally find in association with such levels of uri- 
nary sodium excretion. 

Relation of aldosterone secretion to blood pres- 
sure level. No correlation was evident between 
the degree of elevation of blood pressure and the 
degree of elevation in the aldosterone secretory 
rate in this series of patients. Many of the pa- 
tients with primary hypertension manifested blood 
pressure elevations which were as high or higher 
than those observed in the patients with primary 
hypertension with complications, or in the pa- 
tients with malignant hypertension. 

Relation of aldosterone secretion rate to renal 
insufficiency. The patients with advanced or with 
malignant hypertension often exhibited significant 
nitrogen retention (13 of 23 with blood urea ni- 
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trogen above 30 mg per 100 ml). Yet, it is diffi- 
cult to relate the increased aldosterone secretion 
specifically to this renal failure since a number of 
the patients (7 of 23) had elevated aldosterone 
secretion rates with a normal blood urea nitrogen. 

It has been shown that patients with sodium- 
losing renal disease may excrete large amounts 
of aldosterone. Presumably this is a secondary 
mechanism in an attempt to conserve sodium. 
Also, these patients may continue to excrete in- 
creased amounts of aldosterone long after sodium 
repletion, a phenomenon which has been termed 
“secondary primary aldosteronism” (13). It is 
conceivable that certain of the patients reported 
here had antecedent or subtle forms of sodium- 
losing renal insufficiency, but, insofar as is pos- 
sible, metabolic balance studies appear to have ex- 
cluded this possibility at the time of the study in 
Patients 11-15, 20, 21, 23-28, 31, 34 and 35. 
These patients all had urinary sodium values of 
less than 10 mEq per day after dietary depriva- 
tion. Patient 13 with primary aldosteronism and 
Patient 32 with malignant hypertension, mani- 
fested slight impairment of renal sodium conser- 
vation on low sodium intakes (urine sodium did 
Yet, even in 


not fall below 20 mEq per day). 
these two patients, there was no evidence that the 
impairment of renal function had preceded the 


hypersecretion of aldosterone. Therefore, while 
it is theoretically possible that impaired renal so- 
dium conservation could have preceded and pro- 
voked secondary hypersecretion of aldosterone in 
these hypertensive subjects, the available data 
do not establish that this was the sequence of 
events. 

It is important to emphasize that, conceivably, 
as a consequence of severe renal disease the 
method as employed might yield an apparently 
high secretory rate in the absence of true hyper- 
secretion of aldosterone. A basic requirement 
which must be fulfilled, if the isotope dilution tech- 
nique used in this study is to measure the true 
secretion rate, is that the reactions involved in the 
conversion of radioactive hormone to radioactive 
metabolite and also in excretion of the radioactive 
metabolite into the urine must have gone to com- 
pletion within the period during which the urine 
is collected. In other words, regardless of the 
other metabolites to which the injected labeled 
hormone may be converted, all of the isotopically 
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labeled tetrahydrometabolite which is to be formed 
must have been formed and excreted within the 
collection period. If additional amounts of radio- 
active metabolite were to be excreted into subse- 
quent urine collections, then the conditions neces- 
sary for determination of the secretion rate by 
isotope dilution would not exist and the value of 
the secretory rate derived from such an incom- 
plete collection would be artificially high. 

It has already been shown (14) that the frac- 
tion of radioactivity originating from injected C**- 
cortisol that appears in urine and, to a much 
lesser extent, the rate at which it appears in the 
urine, are related to the clearance of creatinine. 
Normal individuals with clearances of about 125 
ml per minute excreted about 80 per cent of C** 
in the first day’s urine, whereas patients with kid- 
ney disease and creatinine clearances of 42 to 55 
ml per minute excreted about 50 per cent in the 
first day, and patients with creatinine clearances 
of 5 to 9 ml per minute excreted only about 3 per 
cent in the first 24 hours. Perhaps more impor- 
tantly, in all of the subjects, very little additional 
radioactivity appeared on the second and third 
days. 

The condition set forth above does not require 
that a certain percentage of injected radioactivity 
must appear in the urine. If the assumption is 
made that the injected labeled molecules have the 
same fate as the endogenously produced hor- 
mone, then if only a small fraction of injected 
hormone is converted to radioactive metabolite, 
a similar small fraction of the endogenous hor- 
mone undergoes the same fate. It is only neces- 
sary that the collection period be long enough to 
permit complete formation and then complete ex- 
cretion of all the radioactive metabolite which is 
to be excreted, 

Analysis of the data presented in Table II re- 
veals no consistent relationship between the blood 
urea nitrogen and the aldosterone secretion rate. 
In Table II seven patients with good renal func- 
tion (three normal subjects and four subjects with 
benign hypertension) are compared with seven 
patients with nitrogen retention. The patients 
with elevated blood urea values, as a group, ex- 
creted less of the injected hormone as the urinary 
tetrahydrometabolite than did the patients with 
normal renal function (average of 6.1 compared 
to 12 per cent). There is overlap in the two 
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TABLE II 
Relationship of blood urea nitrogen concentration to excretion of labeled aldosterone 


Diagnosis 


Patient 


Per cent of in- 
jected counts 
released by 
glucuronidase 
hydrolysis (24 
hour urine) 


Aldosterone 
secretion rate 


B Normal 
F Normal 
G Normal 
4 Primary hypertension 
6 Primary hypertension 
7 Primary hypertension 
8 Primary hypertension 
18 Primary hypertension 
with complications 
26 Malignant hypertension 
29 Malignant hypertension 
30 Malignant hypertension 
31 Malignant hypertension 
32 Malignant hypertension 


37 Malignant hypertension 


16 14.3 334 
18 7.9 170 
15 8.7 255 
22 13.5 321 
15 12.0 250 
12 8.5 190 
18 12.1 330 
37 4.7 960 
35 3.4 800 
71 5.3 860 
37 4.2 1,225 
45 4.3 2:180 
47 11.5t 2,730 
78 9.2 10,000 


* Blood urea nitrogen. 


+ In this subject no radioactivity was released by enzyme hydrolysis of the urine collected on the second day after 


injection. 


groups; the former ranging from 7.9 to 14.3 per 
cent; the latter, from 3.4 to 11.5 per cent. Pa- 
tient 37 with a blood urea nitrogen of 78 mg per 
100 ml had a secretory rate of 10,000 wg per day, 
whereas Patient 29 with a blood urea nitrogen of 
71 mg per 100 ml had a secretory rate of only 860 
pg per day. 

Of the patients in this group an effort was made 
only once to determine whether radioactivity was 
still being excreted after the first day. Patient 32 
who excreted 11.5 per cent of the injected tritium 
on the first day (secretory rate = 2,730 pg) ex- 
creted no detectable radioactive metabolite on the 
second day. Thus, in this single study, at least, 
the observed high secretion rate appears to be 
unrelated to renal failure, because all of the radio- 
active metabolite destined for excretion appeared 
within the first 24 hours. While this require- 
ment has not actually been demonstrated in the 
other subjects with renal failure, the fact that 
these subjects often excreted about as much iso- 
tope as did the normal controls, and the fact that 
high secretion rates did not always correlate with 
renal failure, tend to indicate that the observed in- 
creases in aldosterone secretion are not related to 
kidney disease but rather to a truly increased 
adrenal production. 


Because an abnormally prolonged excretion of 
isotopically labeled metabolite in renal disease 
would produce artificially high estimates of the 
24 hour secretory rate, another group of ten pa- 
tients has been studied in which the urinary col- 
lection periods were extended to two or three 
days, and the specific activity of labeled metabolite 
was determined for each of the days of collection. 
These data are summarized in Table III and in 
Figure 2. Included in this group are three preg- 
nant women in the third trimester, four patients 
with renal diseases other than malignant hyper- 
tension, one patient with uncomplicated hyper- 
tension (normal renal function) and three pa- 
tients with malignant hypertension. 

Since accurate quantitation of the amount of 
radioactivity in the metabolite is difficult, its spe- 
cific activity, derived from the ratio of H* to C’* 
in the triacetate of the metabolite, was determined 
instead. If the major portion of labeled metabo- 
lite is excreted in the first 24 hours, the H®/C™ 
ratio for the first day should be much higher than 
that for subsequent days. The average secretion 


per day over a two or three day period was cal- 
culated from the average H*/C™ ratio over the 
given period. When the average secretion rate 
was the same as the secretion rate determined for 
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TABLE III 


The effect of delayed excretion of labeled tetrahydroaldosterone 
on the estimation of the aldosterone secretory rate 


Estimated secretory* 
rate (ug/day) 


Counts per minutet 


Per cent of 
labeled H?/C"t of In eluate 
Renal status metabolite aldosterone of first Per cent 
Patient and accounted tetrahydro Released by chromato- of injected 
diagnosis BUN Proteinuria Days ‘3 & for metabolite glucuronidase gram 


1 (a) 18 0 
Lav. 

Primary 

hypertension (b) 18 


2 
Ver. 
Pregnancy 


3 
Thom. 
Pregnancy 


Vict. 
Pregnancy 
5 

Du. 
Nephrosis 


2 


2. 
1. 
73. 
3. 
0. 


mn 


6 (a) 
Tayl. 

Malignant 
hypertension (b) 


ND 
SF SoM 
nw 


— 


7 

Youn. 

Diabetic 
nephropathy 

8 (a) 
Vel. 

Malignant 
hypertension (b) 


we do 


ww Con 


inh 


wn 


9 

Kirt. 

Nephrosclerosis 

10 (a) 1,000 

Chris. 

Sodium-losing 

nephritis (db) 1,320 
970 


11 14,600 
Dunc. 7,500 
Malignant 3 6,000 
hypertension 


NK 
Nn 


~ 


—) oo 

rs 


on 


* The secretion rate (S.R.) for Days 2 and 3 is calculated from 
H*/C* Day 1 + H3/C™ Day 2 4----H/C™ Day 


n 


and 


SR 


Per cent of labeled metabolite accounted for is the per cent of completeness of excretion of the labeled metabolite of the 


2 OF lot 

1100 

— 

1 

310 93.6 S47 104,000 95.0 

1.7 04,000 95,000. 12. 

3 260 100 0.16 

750 8,500 1,000 0.65 

eae 3 lost 9.5 0.1 

50,000 3 

2 84.6 ,000 1 
710 9.4 4 0 

11 1.6 1,000 69.000 

; 7,700 23 000 24.6 

2 1,200 8.2 

++4+4+ 1 1,500 15.3 

2 380 89.5 

ee 3 350 97. 

(6) 14 + 340 7.2 

1 

310 

oe 35 + 295 

1 

2 925 89.8 

1 

51 

210 

73.5 

| 


ALDOSTERONE AND HYPERTENSION 


a 


° 


14 18 18 35 67 
BLOOD UREA NITROGEN 


3 


OF LABELLED METABOLITE NOT YET EXCRETEDin24hrs 


Fic. 2. RELATION OF UREA RETENTION TO RETENTION 
OF ALDOSTERONE METABOLITE AFTER 24 HouRS. Aldo- 
sterone secretion rates which are based on the collection 
of a single 24 hour urine collection are artificially high 
because of incomplete excretion of labeled tetrahydroal- 
dosterone. The per cent of labeled metabolite destined 
for excretion which had not yet been excreted in the first 
24 hours was determined in each instance by serial urine 
collections which allowed more complete excretion of 
the labeled metabolite. The blood urea nitrogen values 
are presented below each of the patients studied. It can 
be seen that in patients without urea retention the error 
caused by delayed excretion is small because about 90 
per cent of the labeled metabolite has been excreted. The 
excretion rate of labeled metabolite appears to be in- 
versely related to the level of the blood urea nitrogen. 
However, delayed excretion of metabolite does not appear 
to modify the 24 hour secretory rate determination to a 
significantly greater degree until urea retention is rela- 
tively advanced. The value obtained in the patient with 
a blood urea nitrogen of 185 mg per 100 ml was con- 
sidered invalid since no evidence for complete excretion 
of labeled metabolite could be obtained (see text). 


the first day, all of the labeled metabolite was ex- 
creted during the first 24 hours. As a general 
principle, the excretion of labeled metabolite can 
be assumed to be complete when the estimate of 
the average daily secretion rate is no longer modi- 
fied by inclusion of subsequent urine collections 
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in the determination. By dividing the average 
secretory rate (S.R. obtained over n days) by the 
S.R. based only upon the first 24 hour collection, 
the fraction of the total accounted for metabolite 
which was excreted within the first day can be 
estimated. This fraction xX 100 = the percentage 
of labeled metabolite accounted for in the first 
day, and these percentages are given in column 6 
of Table III. When the S.R. for Day 1 is multi- 
plied by this fraction, a value for the S.R. is ob- 
tained which has been corrected for delayed iso- 
yields 
the percentage of counts not yet excreted after 
the first 24 hours, and this latter value, therefore, 
also represents the percentage by which the first 
24 hour collection is artificially high because of 
incomplete excretion (Figure 2). 

Normally, about 90 per cent of the labeled me- 
tabolite is excreted in the first 24 hours. One 
might then expect that measurements of secretion 
rates in normal subjects might be falsely high by 
about 10 per cent. This expectation has actually 
been demonstrated in three subjects with normal 
blood urea nitrogen values (Table III, Patients 
1, 3 and 5). In five different serial studies of 
these three subjects, determination of the secre- 
tion rate based on two or three day urine collec- 
tions indicates that estimates based only on the 
first 24 hour collections were artificially high by 
from 3.7 to 15.4 per cent (96.3 to 84.6 per cent of 
labeled metabolite was excreted in the first 24 
hours). 

In the application of this method to the study 
of diseases associated with renal insufficiency, 
such as malignant hypertension, the critical ques- 
tion is whether delayed excretion of the isotope 
causes overestimation of the 24 hour secretory rate 
beyond the 10 per cent error normally encountered, 
The data presented in Table III indicate that re- 
nal insufficiency can, in fact, lead to secretion rate 
values which should be reduced by as much as 


tope excretion. Further, 100 — 


Avg. S.R. n days 
S.R. Day 1 


x 100. This value 


first 24 hours = 


multiplied by the observed secretory rate of the first 24 hours 


= the secretory value corrected for delayed excretion (C.S.R.). 


t The H*/C* ratio is presented. The percentage change from Day 1 to Day 2 or to Da 
respond with the percentage change in the secretory rate because the specific activity of the 


acetylation varied slightly in different batches. 


t Counts per minute not corrected for quenching or promotion effects due to pigments in urinary extracts. 
no. of counts in metabolite zone of first chromat. 


; 3 may not necessarily cor- 
4-acetic anhydride used for 


The per 
X 100. 


cent of injected dose = 


no. of counts injected 
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26.5 per cent (or, more properly, by the 16.5 per 
cent value in excess of the normal error). How- 
ever, in most instances, the error is less. The 
26.5 per cent figure was obtained in a patient 
with a blood urea nitrogen of 104 mg per 100 ml 
(Patient 10). Thus, the rate of excretion of the 
labeled metabolite by two subjects with overt re- 
nal insufficiency (Patients 6 and 7) did not differ 
significantly from patients with normal renal 
function. Of special interest is the finding that in 
two patients with malignant hypertension and azo- 
temia (Patients 6 and 8), both tested twice, the 
percentages of labeled metabolite excreted in the 
first day were 89.8, 87.3, 77 and 74 per cent. 

One comatose patient with malignant hyper- 
tension and terminal uremia, who died the day 
after the last collection, has been included. This 
patient was obviously moribund. Unlike all 


others, the specific activity of the metabolite did 
not fall between the first and second days and fell 
by only 50 per cent in three days. The minimum 
estimated seefetory rate was 6,000, but this result 
is obviously invalid because no evidence for com- 
pleteness of excretion of metabolite could be ob- 
tained before death of the patient. The number of 


counts excreted was small and constituted a trace 
of the injected dose. In contrast, in the one pa- 
tient of the present series of malignant hyperten- 
sive subjects with a similarly high estimated se- 
cretory rate of 10,000 pg (Patient 37, Table IT) 
both the amount and the percentage of labeled 
metabolite excreted were similar to that of normal 
subjects and were considerably higher than those 
observed in Patient 11 of Table III. The possible 
error associated with this estimated 10,000 yg 
production value was not determined, but from the 
experience summarized in Table III it seems 
likely that the corrected value would be consider- 
ably elevated above the normal range. 

The experience summarized in Table III and 
in Figure 2 illustrates that the renal excretion of 
labeled tetrahydroaldosterone is inversely related 
to the excretion of urea. The data indicate that 
a secretion rate value in patients with azotemia 
may need to be corrected by as much as about 
30 per cent. The data suggest that a correction 
factor based on the degree of azotemia should be 
applied to each of the secretion rates given in 
Table I in order to obtain a more accurate secre- 
tory rate value. However, it appears from re- 
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examination of Table I that even if a correction 
error of about 30 or even 40 per cent is applied to 
the malignant hypertensive patients studied, most 
of the abnormally high values remain above the 
normal limits. This finding, combined with the 
demonstration of hypersecretion in a number of 
the patients who did not exhibit nitrogen reten- 
tion, suggests that the high values observed in this 
condition are not merely the result of delayed 
renal excretion of the metabolite. 

Evidences for hypersecretion of other adrenal 
cortical hormones. Four of the patients reported 
in the present study were tested for their glu- 
cocorticoid response to an ACTH infusion. Pa- 
tient 11 exhibited a rise in plasma 17-hydroxy- 
corticoids (Porter-Silber method) from 31.2 to 
51.6 pg per 100 ml after an ACTH infusion, Pa- 
tient 15 responded by an increase in plasma hy- 
droxycorticoids from 17.6 to 41.5 pg per 100 ml. 
(This test was done after one adrenal had been 
removed.) Patient 23 exhibited a rise in plasma 
17-hydroxycorticoids of from 35.7 to 58.0 yg per 
100 ml. These values are all considered to be 
within the upper limit of normal. Patient 27 has 
been previously reported in detail by Hilton, 
Westermann, Bergen and Crampton (15), and 
exhibited an abnormal response to the infusion of 
ACTH. This patient is the only patient in the 
series in whom hyper-responsiveness to ACTH 
was clearly present. In ten other patients of the 
present series the urinary 17-hydroxycortico- 
steroids and 17-ketogenic steroids were measured, 
and all of these values were within normal limits. 

Correlation of findings with morphological 
changes in the adrenal tissue. In seven of the pa- 
tients with malignant hypertension reported in 
this study, complete postmortem examination has 
been made. No tumor was found in the adrenals 
of any of these patients, but in four of the seven 
the adrenal glands were significantly above the 
upper limits of normal in weight. In all seven 
subjects the glands exhibited areas of focal hyper- 
plasia and nodularity, especially in the region of 
the glomerulosa zone. In addition, there was 
focal increase in cellular activity and increased 
lipid deposits in focal cellular areas. Pathologi- 
cal findings in these cases, as well as in two other 
surgical specimens, will be the subject of a sepa- 
rate report (16). 


Effect of various pharmacological agents. The 
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effect of various antihypertensive drugs on the 
secretion rate of aldosterone is unknown. Cer- 
tain of the patients (10 of 33) included in this 
series were under treatment with various hypo- 
tensive agents, and this has been recorded in 
Table I. From the results obtained, these agents 
do not appear to have had any consistent or spe- 
cific effect on the secretion rate of aldosterone. 


DISCUSSION 


Estimation of the adrenal production rate by 
isotope dilution as carried out in the present study 
possesses a number of inherent advantages over 
the previously employed methods which have 
measured the small fraction of hormone excreted 
unchanged in the urine. However, it should be 
recognized that while the measurement of adrenal 
secretory rate would seem to be a more precise 
and reliable index of aldosterone activity, it too, 
may not always be an accurate reflection of the 
effective concentration of active hormone in the 
blood. Possibly, blood level measurements may 
provide additional information in this regard, and 
ultimately may even be necessary to assure proper 
interpretation of secretion rate studies. 

The data presented suggest that a well defined 
biochemical difference exists between a group of 
patients classified as benign essential hypertension 
and those who manifest the clinical picture of ad- 
vanced or of malignant hypertensive disease. 
Marked increases in the secretion rate of aldo- 
sterone were found in all but one of the patients 
with malignant hypertension and in three of eight 
patients classified as “advanced” hypertension. 
These increased values were observed in the pres- 
ence of normal sodium intakes. In contrast, all 
of the patients with primary hypertension se- 
creted normal amounts of aldosterone. 

Thus, malignant hypertension represents an- 
other syndrome which is associated with increased 
secretion of aldosterone. While this clinical state 
resembles the disease produced in animals given 
excess mineralocorticoid, it clearly differs from the 
clinical picture of primary aldosteronism in that 
evidences of vasculitis are characteristically ab- 
sent in the latter condition. 

The frequent occurrence of hypokalemic alka- 
losis as manifested by either an elevated plasma 
bicarbonate and/or a reduced plasma potassium 


ALDOSTERONE AND HYPERTENSION 


1103 


concentration in patients with advanced or with 
malignant hypertension appears as a somewhat 
unexpected finding. This tendency to alkalosis 
may be taken as supportive evidence of increased 
aldosterone secretion. The alkalosis may have 
additional significance since it was found to occur 
at times in the presence of renal failure where re- 
tention of fixed anions ordinarily tends to lower 
the plasma bicarbonate level and thus could mask 
the typical plasma abnormalities of aldosteronism. 

In the patients reported here hypersecretion of 
aldosterone was often found in association with 
demonstrable renal insufficiency. One cannot 
deny that sodium-losing renal disease could lead 
to secondary hypersecretion of aldosterone in pa- 
tients with advancing hypertensive disease. How- 
ever, as pointed out above, the data obtained thus 
far do not tend to suggest the operation of such a 
mechanism, (Most of the patients conserved so- 
dium normally.) Further study of patients with 
other forms of renal disease may be necessary to 
determine a possible relationship between aldo- 
sterone secretion and renal insufficiency. It 
should be restated here that the technique em- 
ployed for estimation of adrenal secretion may be 
affected by renal insufficiency, but the error caused 
by delayed excretion has not been of sufficient 
magnitude to invalidate the results. 

In general, the hypersecretion of aldosterone 
was more impressive in the seriously ill patients 
(10 of the 15 patients with malignant hyperten- 
sion are now deceased). However, whether the 
aldosterone hypersecretion is a cause or a result 
of the severe disease is not clear. Hypersecretion 
of aldosterone has not been noted in association 
with various other severe illnesses (17), but here 
too, further studies are necessary, especially in 
patients with other forms of arteritis. 

Prior to the present study, the association of 
potassium depletion and alkalosis with severe hy- 
pertension has been noted. Wyngaarden, Keitel 
and Isselbacher (18) reported the case of a 46 
year old man with malignant hypertension and 
severe alkalosis whose adrenal glands were grossly 
normal at postmortem. Two other cases of potas- 
sium depletion associated with malignant hyper- 
tension and high aldosterone excretion have been 
reported (19, 20). In both, the authors consid- 
ered that the observed aldosteronism might have 
been secondary to renal damage. Both of these 
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patients succumbed without being helped by bi- 
lateral adrenalectomy, and here too, the adrenal 
glands were not grossly abnormal. 

About 35 cases of primary aldosteronism have 
now been reported (17). About 28 of these have 
been shown to be associated with an adrenal ade- 
noma, and two others were associated with adrenal 
carcinoma (21, 22). Hypertension of varying 
degree was present in all of the cases, but in only 
one of the cases associated with an adenoma was 
the hypertension malignant (23). This patient 
died without operation. In marked contrast, and 
of special interest in relation to the present study, 
is the fact that in five of the six reported cases 
(15, 24-28) of primary aldosteronism associated 
with bilateral adrenal cortical hyperplasia, the 
syndrome of malignant hypertension with papill- 
edema was present. In all but one of these six 
patients subtotal adrenalectomy was carried out 
and was followed by improvement. The fact that 
the syndrome of malignant hypertension was so 
often found in these patients labeled “primary al- 
dosteronism due to bilateral adrenal hyperplasia,” 
illustrates again a fundamental difficulty in prop- 
erly classifying these diseases. Obviously, these 
reported cases might well have been more appro- 
priately classified as examples of “malignant hy- 
pertension” rather than of “primary aldosteron- 
ism.” 

The finding of an adrenal adenoma at least sug- 
gests a primary adrenal disease. On the other 
hand, the occurrence of bilateral adrenal hyper- 
plasia is in keeping with secondary rather than 
with primary adrenal disease. In other words, 
the two diseases may be of entirely different ori- 
gin. Also, they appear to be associated with dif- 
ferent clinical pictures—bilateral adrenal hyper- 
function being characteristically associated with 
malignant hypertension. However, as yet, no bio- 
chemical differences are apparent which might aid 
one in distinguishing the disease state of bilateral 
hyperplasia from that of an adrenal adenoma. 
Four of the cases of bilateral hyperplasia occurred 
at a young age (ages 9, 10, 13 and 17) and one 
other case (15) exhibited an abnormal gluco- 
corticoid response to ACTH. One of our patients 
(no. 20) resembles the patient reported by Holten 
and Petersen (25) in that unilateral adrenalec- 
tomy in both was followed by a fall in aldosterone 
and striking clinical improvement. In both pa- 
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tients the excised adrenal gland was histological!y 
unremarkable. However, it is also possible that 
aldosterone hypersecretion remits spontaneousiy, 
and one of our patients (no. 34), a seven year old 
girl with malignant hypertension, has improved 
considerably on a medical regimen. 

It is difficult to determine whether the clinical 
picture of malignant hypertension is caused by the 
excessive secretion of aldosterone or, alternatively, 
whether the hypersecretion is in some way a sec- 
ondary reaction to the diseased state. That hy- 
persecretion is a cause of the syndrome is sug- 
gested by the fact that the vascular lesions of ma- 
lignant hypertension resemble those produced in 
animals given desoxycorticosterone (1). More- 
over, the excessive production of aldosterone in 
these patients appears to be independent of the 
dietary sodium intake. On the other hand, cer- 
tain observations suggest the contrary idea, that 
the hypersecretion is secondary to the underlying 
hypertensive disease. Thus, it is noteworthy that 
hypersecretion is absent in uncomplicated hyper- 
tension and becomes more and more prominent in 
association with development of renal and vascu- 
lar complications. Secondly, the fact that the 
clinical picture is not the same as that of primary 
aldosteronism due to an adenoma suggests that 
pre-existing vascular disease is necessary for aldo- 
sterone hypersecretion to be associated with the 
malignant syndrome. This concept has support 
in animal studies wherein production of renal dam- 
age or a unilateral nephrectomy facilitates the 
production of the state of malignant hypertension 
by steroid administration. 

In summary, the data appear to indicate that 
aldosterone hypersecretion does not participate in 
the pathogenesis of primary hypertensive disease. 
However, hypersecretion of aldosterone, perhaps 
superimposed on various hypertensive states, can- 
not be excluded as a causal factor in the develop- 
ment of the malignant syndrome. Viewed in this 
light, aldosterone hypersecretion may follow the 


hypertensive process but may possibly precede 


the syndrome of malignant hypertension. The 
nature of this stimulus to hypersecretion is un- 
known, but might be related to renal damage, be- 
cause, regardless of the nature of the underlying 
hypertensive process, renal vascular damage is a 
most consistent finding in the malignant syndrome. 


Gos 
<i 
; 
ace 
' 
> 


ALDOSTERONE AND HYPERTENSION 


If aldosterone is important in the pathogenesis 
of malignant hypertension, one might ask whether 
beneficial effects are to be expected from bilateral 
adrenalectomy. Unfortunately, this question can- 
not be categorically answered since results of 
adrenalectomy have been variable, and since many 
patients with malignant hypertension have been 
excluded from surgery because of attendant re- 
nal insufficiency, One patient in our series (no. 
25) was subjected to bilateral adrenalectomy, but 
following the second operation terminal uremia 
developed. Two similar experiences have been 
reported (19, 20). It is possible that a more 
satisfactory answer can be obtained when patients 
are operated on earlier in the malignant phase. 
However, in this regard it should be remembered 
that in animals, after a certain stage, hypertension 
progresses when desoxycorticosterone is no longer 
administered (“‘metacorticoid” hypertension) 
(29). Another, perhaps more promising, ap- 
proach to the problem involves the administration 
of aldosterone inhibitors. These studies are cur- 
rently under way in our laboratory. 

The findings reported here perhaps confirm 
in part the work of Genest and associates (8) 
who reported increased urinary excretion of al- 
dosterone in some patients with malignant hyper- 
tension. However, these workers also found in- 
creased aldosterone excretion in milder forms of 
hypertension, and this latter finding is at variance 
with our data. 


SUMMARY 


A technique of isotope dilution which involves 
the injection of a trace dose of tritiated aldosterone 
and the determination of the specific activity of 
labeled tetrahydroaldosterone in the subsequent 
24 hour urine has been applied to the study of pa- 
tients with hypertensive vascular disease. The 
technique obviates a difficulty inherent in previous 
studies which have been based on measurement 
of the small fraction of aldosterone excreted un- 
changed in urine. 


In eight patients with benign essential hyper- 
tension, the adrenal secretion rate of aldosterone 
was found to be within the normal limits (180 to 
330 wg per day). The values were similar to those 
obtained in eight normal subjects maintained on 
comparable normal intakes of sodium ion. 
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The secretion rate of aldosterone was also 
within the normal range in two patients with hy- 
pertension associated with unilateral renal disease. 

Five patients with proven primary aldosteron- 
ism due to adrenal adenoma (Conn’s syndrome) 
exhibited significantly increased secretory rates 
of from 510 to 1,690 yg per day. 

In three of eight advanced hypertensive patients 
studied, and in all but one of 15 patients with ma- 
lignant hypertension, the adrenal secretion rate of 
aldosterone was significantly elevated. The ab- 
normal values ranged upwards from 510 yg per 
day in these patients. The patients with malig- 
nant hypertension resembled those with primary 
aldosteronism in that the hypersecretion was not 
associated with grossly reduced urinary sodium 
excretion. With unexpected frequency, the pa- 
tients with malignant hypertension also exhibited 
a tendency to hypokalemia and/or an elevated 
plasma bicarbonate level, even in the presence of 
renal failure. 

Delayed excretion of the labeled metabolite can 
be related to the degree of nitrogen retention pres- 
ent and may lead to artificially high estimates of 
the 24 hour secretion rate. Nevertheless, in the 
experience to date the error produced by excretory 
failure does not appear to be of sufficient magni- 
tude to invalidate results based on 24-hour urine 
collections. 

The results provide no indication that aldo- 
sterone hypersecretion participates in the patho- 
genesis of primary (benign) hypertension. 

The data obtained on the patients studied estab- 
lish that the syndrome of malignant hypertension 
is usually associated with hypersecretion of aldo- 
sterone. In addition to the differences in the clin- 
ical picture between patients with malignant hy- 
pertension and those with Conn’s syndrome, the 
hypersecretion of aldosterone may differ in its 
origin. In malignant hypertension it seems to be 
due to bilateral adrenal hyperfunction rather than 
to an adrenal adenoma. 

Hypersecretion of aldosterone in the syndrome 
of malignant hypertension may prove to be a sec- 
ondary or concomitant phenomenon. However, 
the results presented here make it reasonable to 
consider the possibility that hypersecretion of al- 
dosterone plays a causal role in malignant hyper- 
tension. 
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What causes the gradual decrease of fetal he- 
moglobin in the normal maturing infant, or the 
persistence of fetal hemoglobin in the blood of 
adults with certain congenital anemias, especially 
thalassemia, is not known. The production of 
fetal hemoglobin is evidently determined by genes 
nonallelic with those regulating adult hemoglobin 
formation (1). The fact that all red cells can be 
sickled in sickle cell anemia patients having rela- 
tively high proportions of fetal hemoglobin indi- 
cates that the same cell can produce both an adult 
hemoglobin (i.e., S) and fetal hemoglobin. This 
in turn implies that the rate of formation of fetal 
hemoglobin is not dependent upon the formation 
of a different cell by a different gene, but reflects 
a metabolic adaptation by the individual young 
red cells of the fetus or of the abnormal adult to 
the cellular environment (2). 

The present investigation concerns the effect of 
cellular environment on the relative quantities of 
fetal and adult hemoglobin synthesized in vitro 
by the reticulocytes of umbilical cord blood, as de- 
termined by the rates of Fe®® incorporation into 
heme and of C**-leucine incorporation into globin. 


MATERIALS AND METHODS 


Fe” was obtained from Abbott Laboratories, and iron- 
binding protein of high degree of purity was a gift from 
Dr. John K. Inman (3). To aqueous solutions of the 
protein, buffered with 20 mM sodium bicarbonate so as 
to yield a final pH of 7.4+ 0.2, sufficient iron either as 
Fe*Cl, or Fe*Cl;, was added dropwise to one-third satu- 
rate the iron-binding protein. To insure complete pro- 
tein-binding of the added iron, the mixture was allowed 
to stand at room temperature for 1 hour prior to its ex- 
perimental use. 

Leucine uniformly labeled with C* was purchased from 
Nuclear of Chicago and had a specific activity of 43 uc 


* This investigation was supported in part by Research 
Grant RG3507 (C7) from the National Institutes of 
Health, Bethesda, Md. 
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per mg. Nonradioactive amino acids were obtained 
from Schwarz Bioresearch Laboratories. IRC-50 resin 
was supplied by Rohm and Haas Company and purified 
and equilibrated as previously described (4). 

Incubation. From 30 to 50 ml of sterile heparinized 
umbilical cord blood was obtained at the time of delivery. 
It was centrifuged at 2,000 G for 30 minutes at 0° C and 
the top 5 ml of red cells, relatively rich in reticulocytes, 
was withdrawn and washed twice with Krebs-Ringer 
phosphate with glucose solution, pH 7.4, at 0° C. In 
the studies of glucose deficiency, glucose was omitted. 
An approximately 50 per cent suspension of the washed 
red cells was made with the same solution and a hemato- 
crit value and reticulocyte count obtained. Two ml ali- 
quots of this red cell suspension were then pipetted into 
25 ml siliconized Erlenmeyer flasks. To this was added 
1 ml of the amino acid mixtures in Krebs-Ringer phos- 
phate with glucose solution so that their final concen- 
tration was twice that of normal fasting levels, as de- 
termined by Stein and Moore (5), with the exception of 
glycine which was made up to 4 times its normal value. 
In certain experiments valine, isoleucine and _ histidine 
were omitted. In other experiments, in which C*- 
leucine was used as a tracer, the radioactive amino acid 
was substituted for the stable form. 

The red cell suspension was preincubated in a Dubnoff 
metabolic incubator at 37° C with shaking at approxi- 
mately 20 times per minute. In experiments on the ef- 
fects of hypoxia this was done in separate tents under 
water-saturated gas mixtures containing 95 per cent O, 
and 5 per cent CO, or 95 per cent N and 5 per cent CO, 
at a flow rate of 1 L per minute. In other experiments 
the samples were incubated under water-saturated room 
air. After 1 hour, there was added sufficient Fe™-labeled 
iron-binding protein to yield a final concentration of 24 
uM and sufficient C”-leucine to yield a final concentration 
of 2.6 mg per 100 ml. To alternate flasks equal amounts 
of Fe*-containing iron-binding protein and C*-leucine 
were added. The flasks were then incubated 4 hours 
longer. 

Separation of hemoglobins. The period of incubation 
was terminated by the addition of 10 volumes of 0.85 per 
cent NaCl at 0° C (6) and the red cells were washed 5 
times in 0.85 per cent NaCl at 0° C, suspended in 1 ml of 
0.85 per cent NaCl and dialyzed overnight against 250 
ml of distilled water. The resulting hemolysate was re- 
moved from the dialysis sack, 0.8 ml of toluene was added, 
the solution was shaken vigorously for 5 minutes, after 
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which 0.4 ml of 5 per cent NaCl was added. The solu- 
tion was then centrifuged at 2,000 G for 30 minutes or 
until the middle hemoglobin-containing layer was clear. 
The hemoglobin was removed by pipetting and dialyzed 
for 24 hours against a phosphate buffer, 0.06 M in so- 
dium ions, 0.01 M in cyanide ions, pH 6.91+ 0.02 [De- 
veloper no. 4 (4)]. After removal from the dialysis 
sack, the hemoglobin solutions were found to have a con- 
centration of 70+ 10 mg per ml. One ml of each sample 
was tien pipetted on a 0.9 35 cm column of IRC-50 
resin, previously equilibrated against Developer no. 4 
and the sample was washed into the column with 0.2 ml 
samples of developer. The columns were then developed 
for 5 to 7 hours at 4° C with Developer no. 4 flowing 
at a rate of 5 to 7 ml per hour (4). By then the main 
component of adult hemoglobin was 1 to 5 cm from the 
top of the column, and Fu, the main component of fetal 
hemoglobin (4), was approximately 12 to 30 cm from 
the top of the column. The resin was removed by ex- 
trusion and the individual bands were dissected out and 
eluted from the resin with 3 ml of saturated disodium 
phosphate at room temperature. The pH of this eluted 
hemoglobin solution was 7. The hemoglobin concen- 
tration in each band was determined at 540 mu on a 
Coleman Junior spectrophotometer. The fetal hemo- 
globin concentration obtained from the Fin band is ex- 
pressed as the percentage of the total eluted hemoglobin. 
Since this main component of F hemoglobin includes 
about 80 per cent of the total fetal hemoglobin (4), the 
values will be approximately 20 per cent lower than one 
might expect from alkali denaturation. 

Determination of radioactivity. Hemoglobin labeled 
with Fe” was counted in a well-type scintillation counter. 
In four experiments, after addition of known amounts of 
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nonradioactive hemoglobin as carrier, the heme was also 
separated from the globin and crystallized to constant 
specific activity after the method of Shemin (7). In all 
instances the value of the activity per milligram of he- 
matin chloride corresponded to that of hemoglobin, as- 
suming heme to constitute 3.9 per cent of hemoglobin. 
Thus the activity is reported in terms of hemoglobin for 
ease in comparison with C**-leucine labeling of globin. 

In experiments in which C*-leucine was used, the 
hemoglobin, after elution from the column, was dialyzed 
against 0.001 M NaCN, the concentration of the hemo- 
globin was determined, and 0.1 ml samples were pipetted 
on stainless steel planchets. These samples were then 
counted with a windowless flow counter, and corrected 
to a sample size of 0.5 mg using an empirical self-ab- 
sorption curve. Experiments on large samples demon- 
strated that all the radioactivity of C**-leucine-labeled 
hemoglobin, after it had been chromatographically puri- 
fied, was in the globin fraction and was precipitable by 
5 per cent trichloroacetic acid. 


RESULTS 


Effect of hypoxia. Table I shows the results of 
six experiments done to investigate the effects of 
hypoxia on the relative amounts of adult hemo- 
globin and of fetal hemoglobin synthesized. Since 
the ratio of fetal/adult hemoglobin is variable from 
one cord blood sample to another, only comparison 
with the control ratio is informative. In the last 
column is given the percentage change in the ra- 
tio produced by hypoxia. In every case there 


TABLE I 
Effect of hypoxia on the relative rates of synthesis of adult and fetal hemoglobin 


by cord blood reticulocytes in vitro 


Per cent increase 
Ratio 


FN2/AN2 


Reticulo- 
cytes 


Ratio 
FO2/AO2 


—FO2/AOz 


Ratio 
FNe FN2/AN2 FO2/AQO2 


cpm/mg Hb 


2nd crystallization 
3rd crystallization 


Fe® 8.0 
C-leucine 


6.0 68 
C*-leucine 


cpm/mg Hb 
0.278 
0.413 
0.661 
0.584 
0.593 
0.630 


0.647 
0.699 


0.588 
0.587 


0.568 
0.541 


* Main component of fetal hemoglobin determined by chromatography. 
t Counted as crystallized heme, but specific activity calculated as hemoglobin. 


Fe® 4.9 57 25 120 0.208 34 

1.1 60 70 201 0.348 1 19 

Fe® 6.7 75 43 123 0.350 1 89 

35 87 0.402 45 
15.2 50 1,129. 2,270 0.497 6 19 

: 1,117 2,311 0.483 6 30 

As heme?: 
1,424 2,668 0.534 763 1,180 21 

elas 1,586 2,947 0.538 858 1,228 30 

59 1,094 2,208 0.495 671 1,142 19 

1,396 2,630 0.531 1,048 1,785 11 

883 1,728 0.511 1,172 2,168 6 
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+100 
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+60 
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PER CENT CHANGE IN RATIOS 


HYPOXIA 
Fie. 1. 


ISOLEUCINE HISTIDINE VALINE 


GLUCOSE DEFICIENCY AMINO ACID DEFICIENCY 


EFFECT OF VARIOUS DEFICIENCIES ON THE RELATIVE SYNTHESIS OF 


FETAL AND ADULT HEMOGLOBIN BY UMBILICAL CORD RETICULOCYTES IN VITRO. 


The percentage change in the ratio 


fetal hemoglobin synthesized 


Ss com- 


adult hemoglobin synthesized 
pared to a nondeficient control is shown. 


Bar graphs for experiments in 


which Fe” was used as a label are shaded, while those for C**-leucine ex- 


periments are unshaded. 


was a rise in the ratio of radioactive fetal/adult 
hemoglobin, indicating that hypoxia produced a 
relative stimulation of synthesis of fetal hemo- 
globin compared to adult hemoglobin. A _ chi- 
square test of the ten incubations done here shows 
significance at the 0.5 per cent level. Figure 1 


summarizes the effects of hypoxia, as well as other 
factors, on relative fetal hemoglobin production. 

Although hypoxia uniformly stimulated fetal 
hemoglobin synthesis relative to adult hemoglobin 
synthesis, Table I demonstrates a variable effect 
of oxygen deprivation on the specific activity of 


hemoglobin (A and F combined). Red blood 
cells represent a peculiarly difficult tissue in which 
to obtain complete anoxia because of the large 
reservoir of oxygen in the hemoglobin. It was 
supposed that the variable effect of hypoxia on 
the specific activity might be a result of different 
degrees of oxygen deprivation achieved, since 
there is evidence that with complete anoxia no 
hemoglobin synthesis would occur (8). Hence, 
in two similar experiments, one of which is il- 
lustrated in Figure 2, we departed from the usual 
protocol. The Erlenmeyer flasks were stoppered 
with airtight vaccine caps and preincubated for 
1.5 hours with the following gas mixtures: 95 per 
cent O, and 5 per cent CO,; 13 per cent O,, 82 
per cent N, and 5 per cent CO,; and 95 per cent 
N, and 5 per cent CO,. In one flask incubated 
with 95 per cent N, and 5 per cent CO,, a well 
containing 0.5 ml of 35 per cent hydrosulfite was 


employed to further decrease the oxygen tension. 
The Fe**-iron-binding protein was then added 
under nitrogen, and the sealed flasks incubated 
for 5.5 hours longer. The percentage saturation 
of each hemoglobin sample was then determined 
by the method of Gordy and Drabkin (9). The 
treatment of the samples and the crystallization of 
the heme to constant specific activity were then 
carried out as usual. It can be seen from Figure 
2 that mild hypoxia tended to increase the hemo- 
globin specific activity. This increase in specific 
activity may not reflect increased hemoglobin 
synthesis since, for example, hypoxia may cause 
a shrinkage of the intracellular pool of nonlabeled 
iron during preincubation, with a consequent 
lesser dilution of the radioactive label. The con- 
sistently greater relative stimulation of fetal he- 
moglobin synthesis under conditions of severe 
hypoxia is evident again. 

An attempt was made to determine the time 
course of the effects of hypoxia on fetal and adult 
hemoglobin synthesis. Equal portions of the 
reticulocyte-rich umbilical cord red cells were in- 
cubated in four separate Erlenmeyer flasks with 
Fe**-labeled iron-binding protein as usual, two 
under 95 per cent O, and 5 per cent CO., and two 
under 95 per cent N, and 5 per cent CO,. After 
two hours the incubation was stopped for a pair 
of flasks, one oxygenated and one hypoxic, while 
the remaining pair was incubated for four hours 
as usual. The result of this experiment is shown 
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CPM/MG HEMOGLOBIN 


20 40 60 80 100 
OXYGEN SATURATION HEMOGLOBIN, PER CENT 


Fic. 2. EFFECT OF VARIOUS DEGREES OF OXYGEN DE- 
FICIENCY ON THE SYNTHESIS OF ADULT AND FETAL HEMO- 
GLOBIN IN VITRO. The changes in specific activity of 
the adult and fetal hemoglobins recovered are depicted 
in the top portion of the figure; the ratio of fetal hemo- 
globin specific activity to adult hemoglobin specific ac- 
tivity is shown in the bottom portion. 


in Figure 3. A significant change in the ratio of 
hemoglobin synthesized did not occur until the 
last two hours of the four hour incubation. This 
was due apparently to a relatively greater decrease 
in the rate of fetal hemoglobin production in the 
95 per cent O, environment. 

Effect of metabolic inhibition. The effect of 
glucose deficiency, cyanide and methylene blue 
may be seen in Table II. Glucose deficiency, like 
oxygen lack, depressed adult hemoglobin synthe- 
sis relatively more than fetal hemoglobin synthesis. 
The addition of 120 mg per 100 ml desoxyglucose 
to the glucose-deficient medium had no additional 
effect. Both cyanide and methylene blue almost 
completely stopped synthesis of both hemoglobins, 
so that the ratios are of little quantitative signifi- 
cance, but are included to demonstrate that inhi- 
bition of these types did not favor fetal hemoglobin 
synthesis. 

Effect of amino acid deficiencies. The effect of 
various amino acid deficiencies may be seen in 
Table III. Fetal and adult human hemoglobin 
differ in valine, isoleucine, and histidine content. 


Fetal hemoglobin has less valine than adult he- 
moglobin has (9.5 vs 11.2 g per 100 g), the miss- 
ing valine being replaced almost mole for mole by 
isoleucine (1.46 g per 100 ml), which the main 
component of adult hemoglobin lacks entirely (4, 
10). Fetal hemoglobin also has less histidine 
(7.7 vs 84 g histidine per 100 g) (10). Thus, 
the effects of deficiencies of these three amino 
acids were studied. From Table III we see that 
isoleucine, and histidine deficiencies in the incu- 
bation medium had no effect on Fe uptake. Va- 
line deficiency in two experiments seemed to in- 
crease relative fetal hemoglobin synthesis and al- 
though the results here are not significant, they 
suggest further study. 


8 


° 
w 
= 
~ 
= 
a 
rz) 


2-4 
HOURS 


Fic. 3. TIME COURSE OF SYNTHESIS OF FETAL AND 
ADULT HEMOGLOBIN BY UMBILICAL CORD RETICULOCYTES 
UNDER NITROGEN AND UNDER OXYGEN IN VITRO, The 
rate of synthesis of both A hemoglobin (©) and F he- 
moglobin (A) diminished during the second two-hour 
period of incubation both under oxygen (——) and un- 
der nitrogen (—--—). Diminution in hemoglobin §syn- 
thesis was greatest in respect to the rate of F hemo- 
globin synthesis under oxygen. In the lower diagram 
the ratio of fetal to adult hemoglobin synthesized is 
compared for the first two-hour period with the ratio 
for the second two-hour period. 
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TABLE II 


Effect of glucose deficiency, cyanide, and methylene blue on the relative synthesis of 
adult and fetal hemoglobin by cord blood reticulocytes in vitro 


Reticulo- 
cytes 


Addition to flask F A 


Per cent change 
from control ra- 
tio F/A in in- 


Ratio 
F/A hibited flask 


% 
2.3 


Control Glucose 


Inhibited 


Glucose 


C-leucine 4.5 Control 


cpm/mg Hb 
137 332 0.41 
149 319 


Inhibited 120 mg % desoxy- 646 1,154 0.56 8 
glucose 645 0.56 12 
Inhibited Glucose + 31 91 0.34 —33 
10? NaCN 24 91 0.26 —49 
Inhibited Glucose + 28 86 —35 


0.002% methylene 
lue 


DISCUSSION 


Hypoxia uniformly favored the production of 
fetal hemoglobin compared with adult hemoglobin 
as seen in Table I and Figure 1. In the presenta- 
tion of these experiments, we have emphasized 
the ratio of fetal and adult hemoglobin synthesized 
rather than their individual rates of synthesis. 
Since both fetal and adult hemoglobin-synthesizing 
mechanisms apparently share the same pool, this 
ratio of the specific activity of two hemoglobins, 
made in the same cell, is presumably not influ- 
enced by changes in the intracellular pool size. 
Although, as mentioned earlier, both F and A 
hemoglobin are probably synthesized within the 
same cells, there is some evidence that the propor- 
tions of adult and fetal hemoglobins may vary 
somewhat from one cell to another (11). Thus 
it is possible that the adult and fetal synthesizing 


* Main component of fetal hemoglobin determined by chromatography. 


TABLE Ill 


mechanisms are present in young red cells in 
varying amounts. This should not, however, in- 
validate the measurement of the ratio of hemoglo- 
bins synthesized. 

The generally accepted explanation of the func- 
tion of fetal hemoglobin is that it represents a 
specific adaptation for life in utero, by providing 
the fetus with red cells with a greater affinity for 
oxygen (12). While human fetal red cells do 
indeed have a greater affinity for oxygen at a 
given Po, than do adult red cells (i.e., the oxygen 
dissociation curve is “shifted to the left”) (12, 
13), the curve for hemolyzed fetal red cells is actu- 
ally to the right of that of a hemolysate of maternal 
red cells, and when both hemoglobins have been 
dialyzed their oxygen dissociation curves become 
identical (14). Furthermore, whereas fetal red 
cells may lose their heightened oxygen affinity 
within a month after birth (12), fetal hemoglobin 


Effect of deficiency of various amino acids on rates of adult and fetal hemoblogin synthesis in vitro 


by cord blood reticulocytes, using Fe™ incorporation into hemoglobin 


— Isoleucine Per cent change 
Complete 
Reticulo- Ratio Fi/A1—Fe/Ac 
cytes Fi* Ac Ratio Fr Ar F1/Ar Fe/Ac 


Deficient 
—Histidine Per cent change —Valine Per cent change 
Ratio F1/A1—Fe/Ac Ratio Fi/At~Fe/Ac 
Fr Ar F./Ac Fr Ar F1/At1 F./Ac 


% cpm/mg Hb cpm/mg Hb 

5.6 46 147 369 0.40 144 380 0.38 -5 
4.3 61 196 410 0.48 182 375 0.49 2 
4.6 74 120 346 0.35 

2.4 66 61 129 0.47 


cpm/mg Hb cpm/mg Hb 
105 233 0.45 13 
146 300 0.49 2 
115 340 0.34 —3 110 321 0.34 
59 131 0.45 -4 46 80 0.58 23 
40 82 0.49 4 


* Main component of fetal hemoglobin determined by chromatography. 
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disappears at a more leisurely pace (15). Thus, 
the concept that the primary function of fetal he- 
moglobin is for its specific properties in oxygen 
transport is difficult to defend. However, the pos- 
sibility that the increased affinity of fetal hemo- 
globin for oxygen within the red cell is due to a 
property of fetal hemoglobin not evident in solu- 
tion, has not been ruled out. 

An alternate explanation is suggested by the 
consideration that the organism producing fetal 
hemoglobin has many other demands for oxygen, 
energy-yielding metabolites, and essential amino 
acids. Hence, a protein with a smaller content of 
certain essential amino acids and requiring less 
energy to produce might possess an advantage 
for the fetus. 

The importance of hypoxia, glucose deficiency, 
or possibly valine deficiency in directly regulating 
fetal hemoglobin production can only be sug- 
gested, not determined, by these in vitro experi- 
ments. At birth the blood flowing to the fetus 
from the placenta, before respiration, has usually 
been found to be about 50 per cent saturated with 
oxygen (16). Certainly one might expect this 


degree of saturation to be further reduced in the 


tissue capillaries. The fetus seems to be well sup- 
plied with glucose, although the possibility of lo- 
cal deficiency cannot be excluded. Valine de- 
ficiency is evidently not severe in the fetus (17) 
but local tissue deficiency may exist. Although 
the changes in synthesis rates reported here are 
small, it must be remembered that the incubation 
period was carried out during only a small seg- 
ment of the total time of hemoglobin synthesis by 
the maturing red cell. Therefore, an effect of one 
or all of these deficiencies in the direct regulation 
of fetal hemoglobin production seems possible. 

The observation that time of birth during fetal 
life has no discernible effect on the rate of replace- 
ment of fetal hemoglobin (18, 19) is against any 
direct mediation of oxygen on the regulation of 
fetal hemoglobin production. Since rapid growth 
rate, rather than intrauterine existence, might 
condition local glucose or valine deficiency, this 
same observation is less opposed to the idea of 
these substances as regulators. 

Regardless of the role of these deficiencies in 
the regulation of fetal hemoglobin production in 
the normal infant, it is possible that fetal hemo- 
globin is an adaptation to these deficiencies. This 
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possibility provides impetus for the investigation 
of defects of energy or amino acid metabolism 
in congenital anemias of adults characterized by 
large amounts of fetal hemoglobn, such as thalas- 
semia. 


SUMMARY 


1. Reticulocyte-rich suspensions of umbilical 
cord blood red cells were incubated in vitro with 
Fe®*-iron-binding protein, or C**-leucine, and the 
amounts of Fe®**-labeled or C**-labeled fetal or 
adult hemoglobin newly synthesized were meas- 
ured separately. 

2. Conditions of hypoxia, or glucose deficiency, 
favored the formation of fetal hemoglobin as com- 
pared to adult hemoglobin. 

3. It is possible that fetal hemoglobin may be 
an adaptation to the fetal environment in which 
oxygen and glucose are at a premium. 


ADDENDUM 


Since this paper was submitted for publication a com- 
munication presenting similar observations has appeared 
{Thomas, E. D., Lochte, H. L., Jr., Greenough, W. B., 
II., and Wales, M. Jn vitro synthesis of foetal and adult 
haemoglobin in foetal haematopoietic tissues. Nature 
(Lond.) 1960, 185, 396]. This finding of an increase in 
the proportion of hemoglobin F synthesis relative to 
hemoglobin A with anoxia, is in agreement with our re- 
sults despite differences in tissue used, length of incuba- 
tion, radioactive label, and method of isolation of the 
hemoglobins. 
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New methods of studying metabolic processes 
in connective tissue provide opportunity to ob- 
tain information concerning enzymatic steps in the 
synthesis of mucopolysaccharides in that tissue. 
These techniques supplement studies done in mi- 
croorganisms and in other tissues (1-3), and al- 
low investigation of phenomena of interest in re- 
lation to the diseases of connective tissue at an 
enzymatic level. Glucosamine and galactosamine 
are present in the disaccharide repeating units of 
the mucopolysaccharides of connective tissue. Uri- 
dine diphosphoacetylglucosamine has been shown 
to be the donor of acetylglucosamine in hyaluro- 
nate synthesis and the precursor of uridine di- 
phosphoacetylgalactosamine which serves a similar 
function in chondroitin sulfate synthesis (1). An 
initial step in the synthesis of uridine diphospho- 
acetylglucosamine is the synthesis of glucosamine- 
6-phosphate. 

The present report concerns the activity of the 
enzyme involved in the synthesis of glucosamine- 
6-phosphate in connective tissue and liver of rats 
and in human synovial tissues, as well as investi- 
gation of the influence of cortisol and gold com- 
pounds on the activity of this enzyme. A com- 
parison of the effects of cortisol on several aspects 
of connective tissue metabolism has also been 
made. 


METHODS 


Polyvinyl (Ivalon) sponges were inserted under the 
dorsal skin of male Wistar albino rats weighing 200 + 
50 g, anesthetized with pentobarbital (50 mg per kg). 
The animals were sacrificed 2 weeks later; the sponges 


* This work was supported by grants from the Michigan 
Chapter of the Arthritis and Rheumatism Foundation and 
the United States Public Health Service, Research Grant 
A-3421. 

+ John and Mary R. Markle Scholar in Medical Sci- 
ences. 


and liver were removed, weighed and homogenized 
separately. Human synovial tissue obtained at the time 
of arthrotomy for orthopedic surgery was homogenized 
within a few minutes after removal. 

Fructose-6-phosphate-glutamine transamidase. The ac- 
tivity of this enzyme was determined by a modification 
of the procedure of Pogell and Gryder (4). Homoge- 
nates were made in 0.15 M KCl, with 0.001 M disodium 
ethylenediamine tetraacetate (EDTA), 0.065 per cent 
mercaptoethanol, and 0.024 M glutamine, pH 7.0. Assays 
were done in a volume of 2 ml containing 20 wmoles of 
fructose-6-phosphate, 25 wmoles of glutamine and 50 
umoles of phosphate buffer, pH 7.7. After 15 to 60 min- 
utes at 37° C, the incubation mixture was heated at 100° 
for 2 minutes, centrifuged, and the hexosamine content of 
an aliquot of the supernatant solution was determined 
following conversion to acetylhexosamine by the proce- 
dure of Roseman and Daffner (5), using the method of 
Reissig, Strominger and Leloir (6). Glucosamine, sub- 
jected to the same procedure, was used as reference 
standard. The absorption spectrum of the product of 
the enzymatic reaction matched that of the reference 
standard. 

Glutamic-oxaloacetic transaminase and glutamic-pyru- 
vic transaminase. Activity of these enzymes was deter- 
mined using homogenates made in 0.1 M phosphate buf- 
fer, pH 7.5. Glutamic-oxaloacetic transaminase was de- 
termined using 0.1 mmole of aspartate, 0.02 mmole of 
a-ketoglutarate and 0.2 mmole of phosphate buffer, pH 
7.5, in a total volume of 2.0 ml. After 20 minutes at 
37° C, the solutions were heat inactivated at 100° for 2 
minutes, centrifuged, and 0.2 ml of supernatant was then 
added to 0.2 mg reduced diphosphopyridine nucleotide 
(DPNH), 400 units of malic dehydrogenase (Sigma), 
and 60 mmoles of phosphate buffer, pH 7.5, in a total 
volume of 2.0 ml. After incubation for 20 minutes, 
DPNH disappearance was determined fluorometrically, 
following the procedure of Lowry, Roberts and Kapp- 
hahn (7). Glutamic-pyruvic transaminase was assayed 
in a similar fashion, using 50 wmoles of alanine and 400 
units of lactic dehydrogenase (Sigma) in place of the 
aspartate and malic dehydrogenase. The amount of ho- 
mogenate used in each assay was kept within the range 
which would give zero order reaction and a straight line 
relationship between the amount of homogenate and the 
amount of DPNH oxidized. Protein determinations were 
done by ultraviolet absorption (8). 
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SYNTHESIS OF GLUCOSAMINE-6—-PHOSPHATE 


RESULTS 


Activity of the transanndase which synthesizes 
glucosamine-6-phosphate fructose-6-phos- 
phate and glutamine was demonstrated in liver 
and in the connective tissue which entered poly- 
vinyl sponges in rats, and in human synovial tis- 
sue samples. Expressed as micromoles of hexosa- 
mine formed per milligram of protein in the crude 
homogenate, connective tissue homogenates usu- 
ally had a slightly greater activity than did liver 
homogenates from each animal (Table IV). The 
findings in human synovial tissue are given in 
Table I. No correlation was found between the 
level of enzymatic activity and the diagnosis, age 
of the patient or histological appearance of the 


TABLE I 


Fructose-6-phos phate-glutamine transamidase activity of 
human synovial tissue obtained surgically 


Glucosamine 


Age Sex Diagnosis synthesis 


protein 
Traumatic arthritis with 
effusion 
Osteochondritis desiccans 
Aseptic necrosis of femoral 
head 
Traumatic bursitis 
Ganglion 
Fractured patella 
Fractured patella 
Fractured patella 
Traumatic bursitis 
Traumatic bursitis 
Aseptic necrosis of femoral 
head 
Ankylosing spondylitis 


tissue in a limited group of individuals studied. 
The lowest value was found in a man with ankyl- 
osing spondylitis who was noted to have marked 
softening of the femoral head at the time of 
surgery. 

Synthesis of hexosamine occurred in connective 
tissue homogenates with either fructose-6-phos- 
phate or glucose-6-phosphate, but little or no syn- 
thesis occurred when other sugars were substi- 
tuted (Table II). Hexosamine synthesis occurred 
in liver homogenates with a variety of sugars, al- 
though the greatest activity was found with fruc- 
tose-6-phosphate or mannose-6-phosphate. Am- 
monium chloride and glutamine were compared as 
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TABLE II 


Comparison of the synthesis of hexosamine by connective tissue 
homogenates with equimolar amounts of 
various substrates* 


Homogenate used 
Connective 


Substrate tissue 


Fructose-6-phosphate 
Glucose-6-phosphate 
Galactose-6-phosphate 
Mannose-6-phosphate 
Fructose 

Glucose 

Galactose 

Mannose 


*Figures are percentage of synthesis with fructose-6- 
phosphate. 


donors of the amino groups in both systems ; these 
results were summarized in Table III. 

Effect of cortisol (Table IV). Beginning the 
seventh day after the insertion of the polyvinyl 
sponges, rats were injected daily with 5 mg of 
cortisol subcutaneously for one week before sacri- 
fice. Cortisol administration caused a decrease 
in the weight and protein content of the granu- 
loma. A fall in fructose-6-phosphate-glutamine 
transamidase activity occurred, but this change 
was not statistically significant. The glutamic- 
oxaloacetic transaminase activity in the connective 
tissue rose to a significant extent, but there was 
no change in the glutamic-pyruvic transaminase 
activity. 

The 


fructose-6-phosphate-glutamine 
transamidase activity in the liver was of the same 
magnitude as that in connective tissue. This dos- 
age of cortisol produced very definite increases in 
the hepatic glutamic-oxaloacetic and glutamic-py- 


fall in 


ruvic transaminase activities. Cortisol was not 
found to influence the activity of these enzymes 


TABLE 


Assay of relative effectiveness of glutamine and 
H,Cl as donors of amine group in 
lucosamine-6-phosphate synthesis 


Glucosamine synthesis (umoles 10~*/hr/mg protein) 


Homogenate used 


Connective 


Donor added 


Glutamine, 12.5 mmoles 
NH,Cl, 12.5 mmoles 
Neither 


Liver 
100 100 

99 97 
12 70 
15 106 
0 71 
0 48 
0 68 

; 

Site 
xX 10-4/ ; 

hr/mg 

Hip 40 F 

Elbow 58 M 
Tendon 33 F ag 
Knee 

Knee 58 M 

Knee 30 M ae 

Elbow 

Knee 54 F = 
Hip 25 
Hip 56 M 

ooo, 

tissue Liver 

55.6 23.8 

17.2 15.3 
11.8 19.8 at 
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TABLE IV 


Effect of cortisol on sponge connective tissue and liver of rats* 


Connective tissue Liver 


Mean SEMt No. Mean SEMt 


Treated 


Weight of granuloma (g) 
Control 


Treated 


Protein content of granuloma (mg) 
Control 


Treated 


Fructose-6-phosphate-glutamine 
Control 


transamidase 


Treated 
Control 


Glutamic-oxaloacetic transaminase 


Treated 


Glutamic-pyruvic transaminase 
Control 


1.48 + 0.07 12 


17 


12 
17 


12 21.6 
17 32.4 


+5.55 
+4.16 
p= <0.1 


+6.50 
+4.95 14 
p = < 0.01 


0 +1.92 12 
1 +0.80 14 
= < 0.001 


11 73.9 
14 44.5 


11 1 


5 
14 


* Data for enzyme activities are in the following units: fructose-6-phosphate transamidase, umoles X 10~*/hr/mg 


protein ; glutamic-oxaloacetic transaminase, umoles/hr/mg 


rotein; glutamic-pyruvic transaminase, n»moles/hr/mg pro- 


tein for liver and ymoles X 10-?/hr/mg protein for connective tissue. 


+ Standard error of the mean. 


in connective tissue or in liver homogenates when 
added in vitro. 

Effect of gold chloride in vitro. Since EDTA 
and mercaptoethanol were necessary to protect 
the fructose-6-phosphate-glutamine transamidase 
in tissue homogenates, it seemed possible that gold 
salts might influence the activity of the enzyme. 
Homogenates made in medium containing EDTA, 
but no mercaptoethanol, were incubated with and 
without a series of potential inhibitors. Gold 
chloride inhibited the activity of this enzyme in 
connective tissue homogenates in a lower concen- 
tration than in liver homogenates (Table V). 
Other sulfhydryl reactants such as iodoacetamide, 
iodobenzoic and p-chloromecuribenzoate were also 
found to inhibit the activity of this enzyme in con- 
nective tissue homogenates, although the concen- 
tration of these substances needed to give 50 per 
cent inhibition was ten times that found for gold 
chloride. 

The effect of gold sodium thiomalate in vivo. 
One week after insertion of sponges, 10 mg of 
gold sodium thiomalate (Myochrysine) was ad- 
ministered subcutaneously. Seven to ten days 
later enzyme assays were performed. A marked 
decrease in the activity of the fructose-6-phos- 
phate-glutamine transamidase was found in the 
connective tissue homogenates, but no effect was 
noted on the activity of the enzyme in liver ho- 


mogenates obtained from the same animals 


(Table VI). 

The acid mucopolysaccharide concentration of 
the sponge connective tissue in three of the ani- 
mals injected with gold sodium thiomalate was de- 


TABLE V 


Effect of gold chloride and other inhibitors on the activity of 
the fructose- 6-phos phate-glutamine transamidase 
in rat tissue homogenates 


Per cent inhibition 


Connective 
tissue 


Molarity 


(X Liver 


Gold chloride 


Iodoacetamide 


lodobenzoate 


p-Chloromercuri- 
benzoate 


5 1116 

FS p = <0.01 

297 +414 

p= <0.01 

41.9 + 5.03 17 

p= <0.1 

954 +135 

|| 6.45 + 0.83 

p = < 0.05 

8.88 + 1.13 

p= <0.3 

| 

500 100 100 

eee 50 100 89 

5 

iis 3.75 38 

16 5 

1.25 16 6 

0.5 0 

500 100 81 

we 50 56 9 

37.5 48 

25 33 

12.5 7 12 

em 5 0 6 

2.5 0 

fe 25 42 

ee 5 26 
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TABLE VI 
Effect of gold sodium thiomalate administration 
on fructose-6-phos phate-glutamine 
transamidase in rats* 


Liver 


No. 


Connective tissue 


SEMt No. 


Mean Mean 


12.9 +3.04 11 
41.9 +5.03 17 
p = < 0.001 


31.5 
32.4 


+3.48 11 
17 


Treated 
Control 


* Activity is expressed as umoles X 10~*/hr/mg protein. 
¢ Standard error of the mean. 


termined by a method previously described (9). 
Expressed as uronic acid content of the acid mu- 
copolysaccharide fraction, a decrease from an 
average of 85 mg per 100 g of dry connective tis- 
sue in control animals to 52 mg per 100 g in the 
treated animals was noted. 


DISCUSSION 


Many of the characteristics of the enzyme in- 
volved in the synthesis of glucosamine-6-phos- 
phate were demonstrated comparatively easily in 
homogenates of the granulation tissue which 
formed in polyvinyl sponges. Similar homoge- 
nates of liver tissue contained a lower activity of 
the fructose-6-phosphate-glutamine transamidase 
and a relatively greater concentration of other en- 
zymes which interfered with the characterization 
of the substrates of the transamidase. 

Cortisone and cortisol have been shown to in- 
hibit connective tissue growth, fibril formation, 
sulfate fixation and oxygen consumption (10). 
An objective of this study was to determine if 
adrenal steroids uniformly inhibit all metabolic 
activities of connective tissue, or whether selective 
effects on certain metabolic functions occur. The 
glutamic-pyruvic and glutamic-oxaloacetic trans- 
aminases were studied in connective tissue since 
an increase in the activities of these enzymes in 
the liver of rats given cortisol has been reported 
(11,12). Our finding of an increase in glutamic- 
oxaloacetic transaminase activity in connective tis- 
sue after cortisol administration indicates that this 
agent does not uniformly inhibit all metabolic ac- 
tivities in that tissue. Cortisol and gold sodium 
thiomalate were found to have different effects on 
liver than on connective tissue metabolism; the 


1117 


former increased glutamic-pyruvic transaminase 
activity only in the liver, while the latter depressed 
fructose-6-phosphate-glutamine transamidase ac- 
tivity only in connective tissue. These findings 
indicate the need for direct study of connective tis- 
sue metabolism. 

It has been assumed that gold compounds exert 
their effects on patients with rheumatoid arthritis 
through inhibition of enzymes with labile sulfhy- 
dryl groups (13). Evidence has been obtained 
in animals that the effects of gold compounds used 
therapeutically are due to the gold content of these 
agents and not to the rest of the molecule, re- 
gardless of the type of linkage involved (14, 15). 
The need to protect the enzyme which synthesizes 
glucosamine-6-phosphate from sulfhydryl inhibi- 
tors in vitro led to assay of gold compounds on 
the activity of this enzyme. Concentrations of 
gold which caused inhibition in connective tissue 
homogenates were of the order of magnitude 
found in the serum of patients receiving gold com- 
pounds for therapy of rheumatoid arthritis (16). 


SUMMARY 


The transamidase, which synthesizes glucosa- 


mine-6-phosphate, and the glutamic-oxaloacetic 


and glutamic-pyruvic transaminases were studied 
in connective tissue and liver of rats, and in hu- 
man synovial tissue. Cortisol was found to cause 
a moderate diminution in the activity of the fruc- 
but 
caused an increase in the glutamic-oxaloacetic 
transaminase activity of connective tissue homoge- 
nates. 


tose-6-phosphate-glutamine transamidase, 


No change in the glutamic-pyruvic trans- 
aminase activity occurred. In the liver, cortisol 
administration caused a 
fructose-6-phosphate-glutamine transamidase ac- 
tivity and marked increase in glutamic-oxaloacetic 
and glutamic-pyruvic transaminase activities. 
Gold chloride inhibited the activity of the trans- 


amidase which synthesizes glucosamine-6-phos- 


moderate decrease in 


phate in connective tissue homogenates in vitro 
in concentrations which are found in the serum 
of patients receiving gold compounds therapeu- 
tically. Gold sodium thiomalate administration 
in vivo resulted in decrease in the activity of this 


enzyme in connective tissue but not in liver. 
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In plasma, thyroxine is avidly bound to specific 
proteins present in low concentration, particularly 
the so-called thyroxine-binding globulin (TBG) 
and thyroxine-binding pre-albumin (TBPA) 
(1-4). Several observations indicate that such 
protein-hormone interactions are of physiological 
importance. Jn vitro, the ability of cellular sys- 


tems to accumulate thyroxine from suspending 
media is conditioned by the thyroxine-binding 
potency of the proteins within the media (5, 6). 
In addition, the volume of distribution and rate of 
turnover of thyroxine in vivo resemble those of 
certain plasma proteins (7,8). Finally, abnormal 


thyroxine-binding by TBG and TBPA has been 
observed in a variety of states in which the periph- 
eral metabolism of thyroid hormone is disturbed 
(9-12). It therefore seemed possible that inter- 
actions with plasma proteins might in part regu- 
late the peripheral utilization and degradation of 
thyroxine. 

An ideal test of this hypothesis would be pro- 
vided by studies of hormonal metabolism per- 
formed before and during the administration of 
large quantities of purified binding protein. How- 
ever, adequate quantities of these materials are not 
yet available. Therefore, it has been necessary 
to assess the effects of alterations in thyroxine- 
binding induced by pharmacological means. Large 


* Presented in part at the Annual Meeting of the 
American Goiter Association, San Francisco, Calif., June 
16, 1958. 

+ This investigation was supported in part by Research 
Grant no. A-267 from the National Institute of Arthritis 
and Metabolic Diseases, Bethesda, Md., and in part by 
the Medical Research and Development Board, Office of 
the Surgeon General, Department of the Army, under 
Contract no. DA-49-007-MD-412. 

t Work performed in part during tenure as a Fellow 
in Cancer Research of the American Cancer Society. 


doses of estrogen have been shown to induce pro- 
nounced increases in the thyroxine-binding ac- 
tivity of TBG (13), with little or no change in the 
binding activity of TBPA (14). The present 
studies concern the effects of estrogens and of the 
increase in thyroxine-binding by TBG which they 
induce on the peripheral metabolism of thyroxine 
in patients with diverse states of thyroidal func- 
tion. 


MATERIAL AND METHODS 


By means of techniques described in detail elsewhere 
(7), the distribution and peripheral turnover of I™-la- 
beled thyroxine! have been assessed before and during 
maximum estrogen-induced increase in circulating TBG. 
Definitions of terms employed and their mode of calcu- 
lation are noted in the appendix. Patients studied in- 
cluded 8 women with treated myxedema, 3 with intact 
thyroidal function, and 4 with thyrotoxic Graves’ dis- 
ease. In 10 of the eumetabolic patients, paired studies 
were performed before and during the administration of 
diethylstilbestrol. Comparison of the effects of diethyl- 
stilbestrol and estradiol benzoate were made in 5 of these 
patients. 

The sequence of the study periods, details of thyroidal 
replacement therapy, and dosage and duration of estro- 
genic therapy in each subject are presented in Table I. 
Duration of estrogenic therapy ranged between 19 and 
54 days, and measurements of thyroxine turnover during 
periods of estrogenic therapy were performed during the 
last 8 to 10 days of the treatment period. Subjects with 
intact thyroidal function, excepting V.D., were given 30 
mg of methimazole by mouth every 6 hours during each 
study period in order to prevent thyroidal recycling of 
I™ liberated by peripheral deiodination of radioactive 
thyroxine. The serum protein-bound iodine (PBI)? and 
thyroxine-binding activity of TBG were assessed at 3 
day intervals throughout control and treatment periods. 


1Qbtained from Abbott Laboratories, 
Tenn. 

2 Determined by 
Hills, Calif. 


Oak Ridge, 


Bio-Science Laboratories, Beverly 
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TABLE II 
Effect of estrogens on the fecal excretion and degradation of thyroxine* 


Fecal clearance 


Degradative clearance 


Fecal excretion Degradative rate 


Patient Control Estrogen Control Estrogen 


Control Estrogen Control Estrogen Control Estrogen 


% dose L/day 
21.5 38 
37.4 40 
29.8 8 
42.0 9 
23.2 6 
9 
6 
7 


21.6 
1 26.7 


OS 


S sssssss 
Ree 


nN 


Mean 29.7 
Mean diff. —2.6 
SEMDt 3.3 


p >0.4 


ue I/day 
58.7 46.1 
34.2 39.7 
39.7 30.2 
33.1 39.9 
51.9 60.4 
45.3 59.8 
50.0 49.2 


43.3 47.7 
+4.4 
3.3 
>0.2 


ug I/day 
22.4 
20.5 
12.8 
24.0 
15.7 
12.5 
18.2 


18.0 


L/day 


S 


* For definition of terms, see Appendix. 
¢ Standard error of the mean difference. 


Studies of thyroxine turnover during the treatment pe- 
riod were begun when a new steady state had been 
achieved, as indicated by constancy of values for TBG 
and PBI. Values for TBG presented in Table I repre- 
sent the range and mean of 4 to 5 measurements made 
during control or steady state treatment periods. 

Additional studies were performed during periods in 
which the PBI and the binding activity of TBG were 
changing after the initiation or withdrawal of estro- 
genic hormone. In Patient 6, the fractional rate of 
peripheral turnover of thyroxine was observed during 
a 24 day period beginning immediately after institution 
of treatment with diethylstilbestrol. Patient 9 was stud- 
ied from the fifth through the eighteenth day following 
cessation of therapy with diethylstilbestrol. 

The 4 women with thyrotoxicosis were studied while 
hospitalized on a metabolic ward. Diethylstilbestrol was 
administered only after constancy of basal oxygen con- 
sumption had been achieved. After attainment of maxi- 
mal augmentation in TBG during the administration of 
estrogen, studies were again performed. Thereafter, all 
therapy was discontinued until TBG levels, concentrations 
of PBI and TBG, and basal oxygen consumption stabi- 
lized at values comparable to those found prior to estro- 
genic treatment. Thyroxine turnover studies were then 
repeated. At the termination of these tests, the patients 
were given propylthiouracil in dosage and duration suffi- 
cient to induce clinical and laboratory evidences of eu- 
metabolism. Studies of peripheral turnover of thyroxine 
were then repeated. 

Estimates of the thyroxine-binding activity of TBG 
were obtained by means of a technique, described in de- 
tail elsewhere (15), which has since been superseded in 
the authors’ laboratories (4). In brief, the method em- 
ployed consisted of conventional paper electrophoresis in 
veronal buffer, pH 8.6, of serum labeled with I“-thyrox- 
ine and enriched to several standard concentrations with 
stable thyroxine. At each concentration, the percentage 
distribution of added hormone between TBG and albu- 


min was assessed in both experimental sera and con- 
comitantly electrophoresed control sera. As indicated 
in an earlier communication (15) alterations in the bind- 
ing activity of TBG are associated with qualitatively sim- 
ilar changes in the distribution of thyroxine between TBG 
and albumin at each of the concentrations of hormone 
employed. Therefore, only values obtained at a single 
concentration, 47.5 yg thyroxine per 100 ml, are pre- 
sented. This technique does not afford an estimate of the 
absolute thyroxine-binding capacity of TBG. Neverthe- 
less, comparison of changes in TBG which occur during 
pregnancy, assessed by this method (15) and by methods 
which permit estimation of binding maxima (16), indi- 
cate that the two techniques provide qualitatively similar 
information.* 

Statistical analyses were performed by the “paired ¢” 
test, as described by Snedecor (17). An earlier study 
suggested that the presence of a functioning thyroid 
gland does not alter the kinetics of thyroxine turnover 
peripherally, since values for normal subjects and pa- 
tients with treated myxedema were similar (7). There- 
fore, in the present studies, results related to the effects 
of estrogen on the peripheral turnover of thyroxine in all 
eumetabolic normal and athyrotic subjects were pooled. 


RESULTS 


Data obtained in individual patients are pre- 
sented in Tables I and II. Mean values and sta- 
tistical intercomparisons are summarized in Tables 
II and III. 


3 Neither estimates of the thyroxine-binding activity 
of TBG, as herein obtained, nor of its absolute binding 
capacity afford information concerning the absolute quan- 
tity of protein present. Presumably, alterations in bind- 
ing activity may reflect changes in either the concentra- 
tion of TBG or its binding stoichiometry. 
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re 1 0.45 3 
2 0.42 7.2 
3 0.52 5.8 
4 0.58 9.6 
5 0.75 1.7 
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Eumetabolic subjects. Previously described ef- 
fects of large doses of estrogen on PBI (13, 18) 
and on the binding activity of TBG (13) were 
confirmed in the present study. Increases in 
PBI during estrogenic therapy occurred not only 
in patients with intact thyroidal function, but also 
in patients with treated myxedema. For the en- 
tire group, mean values of the PBI increased from 
5.8 to 7.6 pg per 100 ml. For the patients with 
treated myxedema alone, PBI increased signifi- 
tantly (p < 0.001) from a mean of 5.5 to 7.1 yg 
per 100 ml. Concomitantly, in sera enriched with 
stable thyroxine at a concentration of 47.5 wg per 
100 ml, the proportion of radioactive thyroxine 
bound to TBG increased from a mean of 54.4 
to 79.5 per cent. 

In ten paired observations, diethylstilbestrol 
increased the mean thyroxine distribution space 
(TDS) from 8.8 to 9.3 L, a change of borderline 
statistical significance. Mean thyroxine half-time 
(T,) also increased from 6.6 to 8.9 days, while 
the fractional rate of turnover of hormone (k) 
correspondingly decreased from 10.7 to 7.9 per 
cent per day. Despite the increase in TDS, mean 
daily thyroxine clearance (C) decreased from 
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0.94 to 0.73 L per day. The product of daily 
hormonal clearance rate (C) and hormonal con- 
centration (PBI) represents the quantity of hor- 
monal iodine removed from the peripheral thy- 
roxine space daily (D). As a result of reciprocal 
changes in its constituent functions, D remained 
unchanged during estrogenic therapy in the group 
as a whole. Small, random differences between 
control and treatment values of D, noted in indi- 
vidual patients, were probably the result of errors 
intrinsic to the technique of measurement. Fol- 
lowing equilibration of PBI and TBG, basal oxy- 
gen consumption during estrogenic treatment did 
not differ from control values. 

As a result of increases in both TDS and PBI, 
the mean quantity of exchangeable (extrathy- 
roidal) hormonal iodine (ETT) increased sig- 
nificantly from 506 to 699 yg during administra- 
tion of estrogen. Derived values for the fraction 
of total hormonal disposal accounted for by fecal 
excretion (Fmax) did not change significantly for 
the group as a whole. 

In the five patients who received both types of 
estrogen, significant differences in the effects of 


L.S. #,54- Myxedema 
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THE RELATIONSHIP OF ESTROGEN-INDUCED INCREASES IN THE BINDING AVIDITY OF TBG TO CHANGES IN 
PERIPHERAL TURNOVER OF THYROXINE IN A PATIENT WITH TREATED MYXEDEMA (PATIENT 6). 
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percentage of added I*’-labeled thyroxine migrating with TBG during paper electrophoresis of serum enriched with 
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Fic. 2. THE RELATIONSHIP OF ESTROGEN-INDUCED INCREASES IN THE BINDING AVIDITY OF TBG TO CHANGES IN 
PERIPHERAL TURNOVER OF THYROXINE IN A EUTHYROID PATIENT (PATIENT 9). 


diethylstilbestrol and estradiol benzoate could not 
be discerned. 

Studies performed in Patient 6 throughout the 
24 day period following initiation of estrogenic 
therapy, and in Patient 9 following cessation of 
treatment, are depicted in Figures 1 and 2. In 
Patient 6 the control rate of peripheral turnover 
of thyroxine was 10.2 per cent per day and was 
followed in successive weeks by rates estimated 
to be 7.9, 6.6, and 7.3 per cent per day. Increases 
in thyroxine-binding by TBG were detected on 
the fourth day of administration of diethylstil- 
bestrol, and reached a maximum after 14 days. 
In Patient 9, following a pretreatment rate of 10.7 
per cent per day, the fractional rate of turnover 
of thyroxine decreased to 6.6 per cent per day 
during continued estrogenic therapy. After ces- 
sation of treatment, increased thyroxine-binding 
by TBG persisted for a time and turnover rate 
remained retarded at 7.3 per cent per day, al- 
though withdrawal vaginal bleeding had occurred. 

Administration of diethylstilbestrol to the 
women with Graves’ disease was also accompanied 
by slowing of the fractional rate of peripheral 
turnover of thyroxine (Table I). In all four pa- 


tients, this rate was as slow or slower than that 
subsequently observed after antithyroid treatment. 
In Patients 12 and 13, estrogenic therapy was ac- 
companied by amelioration of symptoms of thyro- 
toxicosis and by reduction of basal metabolic rates 
to normal. In these patients, in contradistinction 
to the two patients who experienced no sympto- 
matic benefit, PBI was unchanged or decreased 
during estrogenic therapy as compared to control 
periods. Correspondingly, calculated values for 
daily hormonal disposal (D) in these two women 
were markedly reduced, approaching values ob- 
tained after treatment with antithyroid drugs. 


DISCUSSION 


In agreement with the recently published find- 
ings of Engbring and Engstrom (19), the present 
studies seem clearly to indicate that the prolonged 
administration of either natural or synthetic es- 
trogenic hormones is associated with pronounced 
changes in the peripheral metabolism of thyroxine. 
These include a decrease in the fractional rate of 
turnover of thyroxine and hence in the rate of 
clearance of the hormone from its peripheral dis- 


1125 
40 
11.0 88 
(oars a 
| 
| 


1126 


tribution space. Concomitantly, both the concen- 
tration and total quantity of hormone within the 
space increase, so that the absolute rate of hor- 
monal disposal remains unchanged. These stud- 
ies, however, were undertaken to assess the ki- 
netic effects of an increase in the thyroxine-bind- 
ing activity of TBG. Estrogens were merely 
employed as a means of altering TBG. Thus, it 
is critical to distinguish between changes in the 
kinetics of thyroxine metabolism which resulted 
from alterations in TBG and those which might 
have arisen from a direct effect of estrogens on 
the cellular degradation or disposal of the hor- 
mone. 

Certain data suggest that estrogens may directly 
influence cellular oxidative metabolism and _ its 
response to thyroid hormone. While estrogens 
generally stimulate genital structures, several es- 
trogens have been found to depress oxygen con- 
sumption of homogenates of rat brain (20) and 
liver (21), and of fresh rat liver mitochondria in- 
cubated with Krebs’ cycle intermediates and di- 
phosphopyridine nucleotide (22). Animals treated 


with estrogen have been reported to be unusually 
resistant to large doses of thyroid hormone (23- 


26), and diethylstilbestrol has been shown to 
hasten the return of oxygen consumption to nor- 
mal following cessation of thyroid feeding in rats 
(27). However, it is not known whether such 
effects on oxidative metabolism might result from 
or lead to changes in the intracellular metabolism 
of thyroxine. More direct efforts to evaluate this 
question have led to contradictory conclusions, 
since estrogens have had variable effects on the 
degradation of thyroxine by cellular preparations, 
in vitro (28, 29). Finally, in vivo, estrone does 
not affect the disappearance of thyroxine from the 
plasma of rats or rabbits (30, 31). 

Thus, it is possible that the slowing of thyroxine 
turnover induced by estrogens during the present 
studies may have resulted either from a direct ef- 
fect of these hormones on the cellular degradation 
of thyroxine or from an effect on cellular oxida- 
tive metabolism reflected secondarily in delayed 
thyroxine turnover. However, there is no sub- 
stantial evidence to suggest that this was the case. 
On the other hand, there is considerable evidence 
to indicate that the slowing of thyroxine turnover 
herein produced resulted from an increase in the 
binding activity of TBG. Jn vitro, the static dis- 
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tribution of thyroxine between cellular and extra- 
cellular binding proteins is conditioned by their 
relative abundance and binding avidity (5, 6, 
32). An increase in the binding activity of pro- 
teins in the suspending medium favors retention 
of thyroxine in the extracellular phase. If, as 
seems likely, similar relationships pertain in vivo, 
then increases in TBG should decrease the pro- 
portion of peripheral hormone within cellular 
confines. Since the degradation of thyroxine is 
an intracellular event, this should, in turn, di- 
minish the fractional rate of turnover of hormone 
within the thyroxine space as a whole (12, 33). 

In the present experiments, studies in Patient 
6 illustrate the rapidity with which slowing of 
thyroxine turnover may follow the exhibition of 
diethylstilbestrol. This rapid change might sug- 
gest a direct cellular effect of the estrogen were it 
not that circulating TBG increased with equal 
rapidity. In Patient 9, retarded turnover of thy- 
roxine and augmentation of TBG persisted after 
cessation of estrogenic therapy. Although with- 
drawal vaginal bleeding had occurred in this in- 
terval, it remains possible that diminishing but 
physiologically significant stores of estrogen per- 
sisted during that time. 

Additional evidence that estrogenic effects on 
the fractional turnover of thyroxine result from 
altered hormonal binding has recently been ob- 
tained in two patients whose sera demonstrated 
spontaneous abnormalities in the thyroxine-bind- 
ing capacity of TBG. The first patient, recently 
reported by Beierwaltes and Robbins (34), dis- 
played an apparently idiopathic increase in TBG, 
associated with abnormalities in the turnover of 
thyroxine remarkably similar to those induced by 
estrogens in the present studies. The plasma of 
the second patient was virtually devoid of TBG. 
Administration of estrogen induced edema and 
gynecomastia, but the binding capacity of TBG 
was not increased and the kinetics of thyroxine 
metabolism were unaltered (14). 

From the foregoing observations in isolated cel- 
lular systems and in patients, it would appear that 
the effects of estrogenic hormones on the kinetics 
of thyroxine metabolism are indeed the result of 
concomitantly induced changes in the binding ac- 
tivity of TBG. Rate limitations imposed by TBG 
on the removal of thyroxine from its peripheral 
distribution compartment might be exerted 
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through effects on either the excretory or the 
degradative disposal of hormone, or both. Since 
urinary losses of intact thyroxine contribute but 
very slightly to the total disposal of the hormone 
(35, 36), decreased urinary excretion of iodine 
could not have accounted for the slowing of frac- 
tional turnover rates induced by estrogens. In 
contrast, fecal excretion of iodinated organic 
compounds contributes significantly to total hor- 
mone turnover (7, 37). Accordingly, estimates 
of the fraction of hormone removed from the thy- 
roxine space by fecal excretion before and during 
estrogenic therapy were made in seven patients. 
Variable, seemingly random alterations in cal- 
culated values for the fractional removal of hor- 
mone by the fecal route (Fmax) occurred. Such 
variations may have been attributable to inaccura- 
cies in the estimation of Fmax. Nevertheless, frac- 
tional fecal excretion of thyroxine appeared to de- 
crease during estrogenic therapy in five out of 
seven patients. For the group as a whole, how- 
ever, changes in Fyax were not statistically sig- 
nificant. Values for the rate of fecal clearance 
of hormone, calculated as the product of the hor- 
monal clearance rate and the fecal fraction, were 


decreased in six of seven patients, and for the 
group as a whole the decrease was significant at 


the 5 per cent level. Nonexcretory, presumably 
degradative clearances, calculated as the difference 
between total and fecal clearance rates were di- 
minished during estrogenic therapy in all patients. 
For the group as a whole, this change was highly 
significant (p < 0.01). It would thus appear that 
both the degradative metabolism and the fecal 
excretion of thyroxine are limited by the associa- 
tion between thyroxine and TBG. This conclu- 
sion is consonant with the observations of Ras- 
mussen (38) and of Myant (39), which indicate 
that the fecal or biliary elimination of thyroxine 
is increased when hormonal binding sites in the 
plasma are more nearly saturated than normal. 
The present studies can be divided into three 
periods: 1) a control period in which PBI and 
TBG were constant; 2) a period of two to four 
weeks beginning shortly after the administration 
of estrogen, in which PBI and TBG were rising ;* 


4In an earlier study from this laboratory (13), a con- 
sistent increase in PBI was not found during estrogenic 
therapy in patients with treated myxedema. However, 
the present studies should afford a more reliable index 
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and 3) a period in which PBI and TBG, though 
increased, were again constant, despite continued 
administration of estrogen. In patients with 
treated myxedema, hormonal supplies were con- 
stant throughout the period of observation. Con- 
stancy of PBI’s during the control period would 
indicate that influx and removal of hormone were 
equal. Since this was also true during the final 
period, hormonal disposal must then have returned 
to control levels. This was confirmed, within the 
limits of experimental error, by kinetic studies 
with labeled thyroxine. These further indicated 
that the quantity of hormone removed by both 
fecal and degradative routes had returned to nor- 
mal by that time. 

The second period may be considered a phase 
during which the peripheral metabolism of hor- 
mone was re-adjusting to the effects of estrogenic 
therapy. During this time, hormonal removal 
must have declined below control values, since 
both the concentration and total content of hor- 
mone within the thyroxine space were increasing. 
Presumably, this reflected a sparing of hormone 
by both fecal and degradative mechanisms. If so, 
then the quantity of hormone available to intra- 
cellular degradative sites must have declined be- 
low control values. The magnitude of this tissue 
deficit of hormone at any moment in time cannot 
be assessed. However, for the entire period of 
approximately one month’s duration, a mean posi- 
tive balance of 193 yg of hormonal iodine per pa- 
tient was obtained. If fractional removal of hor- 
mone declined abruptly after initiation of estro- 
genic therapy while the increase in PBI occurred 
more slowly, then the daily deficit of hormone 
within the tissues would have been relatively 
large during early portions of the period and 
would have become progressively smaller as re- 
equilibration was approached. If, however, frac- 
tional turnover of hormone declined slowly and 
PBI increased pari passu, then there would have 


of estrogenic effects in that a larger number of patients 
was studied and PBI’s were determined more frequently. 
In addition, it can be demonstrated mathematically that 
when hormonal supplies are constant and fractional turn- 
over of hormone declines, the magnitude of the resulting 
increase in PBI is proportional to the control PBI value 
(40). Accordingly, patients in the present study were 
maintained on somewhat larger doses of thyroid hor- 
mone in order to insure the establishment of control 
PBI’s well within the normal range. 
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occurred only a slight daily deficit in hormonal de- 
livery of relatively uniform magnitude throughout 
the period. Since TBG increased progressively 
throughout this phase, the latter possibility seems 
the more likely. 

While, in patients with treated myxedema, the 
postulated sequence of events is relatively simple, 
in patients with functioning thyroid glands it is 
potentially more complex. Here, it might be an- 
ticipated that the reduction in hormonal flux to 
the tissues would result in enhanced secretion of 
thyrotropin, since hypophyseal homeostatic mecha- 
nisms seem directed toward maintaining constant 
supplies of thyroid hormone to peripheral tissues 
(41). Consequent stimulation of the synthesis 
and release of thyroid hormone would serve to 
diminish the deficit in peripheral hormonal sup- 
plies and to hasten return to a steady state. 
However, it is questionable whether such an in- 
crease in thyroidal function actually occurs. Di- 
ethylstilbestrol has been found to increase the rate 
of release of thyroidal I” of euthyroid patients 
undergoing hypophyseal suppression by triiodo- 
thyronine (42). On the other hand, evidence of 
hypophyseal activation has not been obtained, 
since repeated efforts to demonstrate an increase 
in the thyroidal uptake of iodine during therapy 
with diethylstilbestrol have failed (18, 43). It 
may be that the deficit in peripheral hormonal 
supplies induced by the administration of estro- 
gens is never sufficiently great to activate secre- 
tion of TSH. Alternatively, previous studies may 
have been performed during the final phase of the 
response to estrogens, when a new steady state 
had been achieved. 

Findings in patients with thyrotoxicosis were 
of interest in several respects. Previously re- 
ported abnormalities in the kinetics of thyroxine 
metabolism were confirmed. Thus, three of four 
patients displayed accelerated fractional rates of 
thyroxine turnover both prior to treatment (7, 
37, 44) and following restoration of a eumetabolic 
state by propylthiouracil (45). During adminis- 
tration of diethylstilbestrol, increased binding ac- 
tivity of BG occurred in all patients. Concom- 
itantly, fractional rates of turnover became at 
least as slow as those found subsequently during 
antithyroid therapy. In Patients 14 and 15, the 
remaining findings were similar to those seen in 
eumetabolic subjects, in that PBI’s increased, hor- 
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monal clearance rates declined, daily hormonal 
disposal remained essentially unaltered, and meta- 
bolic status was unchanged. 

In Patients 12 and 13, strikingly different find- 
ings obtained. Here, despite marked decreases in 
hormonal clearance rates, PBI’s failed to increase. 
This could have occurred only if the flux of hor- 
mone from the thyroid gland to the periphery had 
declined during administration of estrogen. From 
the data of other workers (46), it would appear 
that estrogens may slow the rate of release of 
glandular iodine in some patients with thyrotoxi- 
cosis. Because of the decreased hormonal clear- 
ance rates and the unchanged PBI’s, daily hor- 
monal disposal in these patients decreased to 
values approaching those found during antithyroid 
therapy. At the same time, there occurred a 
marked amelioration of the signs and symptoms of 
thyrotoxicosis and reduction in basal metabolic 
rate. This favorable response was reminiscent of 
the occasional amelioration of thyrotoxicosis by 
estrogens reported by earlier workers (47). From 
the present data, it is evident that the symptomatic 
remission of thyrotoxicity, which estrogens may 
occasionally induce, results from thyroidal and 
peripheral effects reflected in decreased hormonal 
disposal, rather than from direct anti-oxidative 
effects within the tissues. However, those fac- 
tors which account for the variability in the thy- 
roidal response to estrogens, as seen in this and 
earlier studies, remain an intriguing enigma. 


SUMMARY 


The effects of diethylstilbestrol and of estradiol 
benzoate upon the kinetics of thyroxine metabo- 
lism have been assessed in patients with intact 
thyroidal function, treated myxedema, or Graves’ 
disease. 

In all subjects, estrogen induced an increase in 
the binding avidity of the thyroxine-binding glob- 
ulin (TBG), which was accompanied by marked 
retardation of the fractional rate of peripheral 
turnover of I-labeled thyroxine. In eumetabolic 
subjects, concentration of protein-bound iodine 
(PBI) increased sufficiently to restore the daily 
disposal of hormonal iodine to normal values. 

Two of four thyrotoxic patients failed to dem- 
onstrate expected increases in the concentration of 
PBI, and exhibited amelioration of symptoms and 
of hypermetabolism during administration of es- 
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trogen. During this period, daily hormonal dis- 
posal rates approached values found subsequently 
during restoration of eumetabolism by propyl- 
thiouracil. 

These observations are consistent with the hy- 
pothesis that thyroxine-binding by TBG exerts a 
rate-limiting effect upon the peripheral metabo- 
lism of this hormone. 


APPENDIX 


In the foregoing manuscript, the following terms have 
been employed. These were described in detail in an 
earlier communication (7). 

TDS, thyroxine distribution space; the virtual volume 
of body fluids through which exchangeable thyroxine 
would be distributed were it present throughout at the 
same concentration at which it exists in the plasma. 

PBI, concentration of hormonal iodine in the plasma, 
and, by definition, the geometrical mean concentration 
of hormonal iodine in the TDS; assumed to represent 
solely iodine in thyroxine. 

ETT, extrathyroidal thyroxine; the total quantity of 
thyroxine within the TDS, in terms of its content of 
iodine. 

k, Fractional rate of turnover of thyroxine; the pro- 
portion of ETT removed from the TDS per unit time. 

T:, thyroxine half-time; the time required for half of 
the ETT to be removed from the TDS. 

C, thyroxine clearance rate; the volume of plasma 
which contains an amount of thyroxine equal to that 
removed from the TDS per unit time. Defined as “vol- 
‘ume turnover, V” in an earlier communication (7). 

D, hormonal disposal rate; the quantity of hormone 
removed from the TDS per unit time, in terms of its 
content of iodine. 

Finax, the proportion of D accounted for by fecal ex- 
cretion of hormone; fecal clearance, the volume of plasma 
which contains a quantity of hormone equal to that lost 
in the feces per unit time; degradative clearance, the vol- 
ume of plasma which contains a quantity of hormone 
equal to that removed by nonexcretory pathways per 
unit time; fecal excretion, the quantity of hormone ex- 
creted in the feces per unit time; degradative rate, the 
quantity of hormone removed by nonexcretory pathways 
per unit time. 

ETT =PBIX TDs... C=  D=CX PEI 
=ETT Xk. T;=0.693/k. Fecal clearance = C X Fimax. 
Degradative clearance = C — fecal clearance. Fecal ex- 
cretion = fecal clearance X PBI=D X Fmax. Degrada- 
tive rate = degradative clearance X PBI = D — fecal ex- 
cretion. 
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Since its introduction in 1924 by Rosenthal and 
White (1), the dye sulfobromophthalein sodium 
(BSP) has proven useful not only for clinical 
purposes but also for physiological investigations 
of splanchnic vascular perfusion, hepatocellular 
function, and biliary secretory mechanisms. It 
has been shown that removal of BSP from the 
plasma by the liver depends upon two distinct 
processes: 7) accumulation of dye in hepatic cells 
and 2) active secretion into the biliary tract. 

Hepatocellular accumulation or “storage” of 
BSP was first suggested by the demonstration of 
a marked delay between removal from the blood 
and excretion into the bile after the dye was ad- 
ministered intravenously to dogs (2, 3), and a 
similar mechanism in man was inferred from a 
study of the hepatic removal of successive doses of 
BSP (4). The accumulation of a related phtha- 
lein dye, fluorescein, in hepatic polygonal cells 
has actually been visualized in living frog and rat 
livers by the technique of fluorescence microscopy 
(5, 6). In the case of another phthalein dye, 
I**1-labeled rose bengal, an accumulation or “stor- 
age phase” is apparent in the curves obtained by 
external counting over the liver after intravenous 
injection (7), and high concentration within liver 
cells has been confirmed by radioautography (8). 
Although it has been suggested that accumulation 
of BSP may proceed until there is complete “‘satu- 
ration” of intrahepatic storage sites (4, 9), more 
recent evidence indicates that the process tends 
toward an equilibrium state in which the quantity 
(and hence the concentration) of BSP in the 
liver is directly proportional to the concentration 
of dye in the surrounding plasma (10). It has 
therefore been possible to define a BSP “relative 
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storage capacity” (S) as the number of milligrams 
of BSP stored in the liver per milligram per 100 
ml of plasma concentration. The value of S can 
be estimated by comparison of the rates of move- 
ment of BSP into the liver associated with differ- 
ent rates of change of plasma concentration (10). 
The method of calculation is described below. 

The high concentrations of BSP observed in 
the bile (2) indicate that the ultimate excretion of 
this dye undoubtedly depends upon an active trans- 
port mechanism, There is convincing indirect 
evidence in the dog (9-11), in the rabbit (12, 13), 
and in man (14, 15) that the secretion of BSP 
into the bile is limited by a definite maximal rate, 
analogous to the transport maximum, or “Tm,” 
which is demonstrable for many substances se- 
creted by the renal tubules. For understandable 
technical reasons the BSP transport maximum has 
not, until the present, been measured directly by 
bile collection. Moreover, because of the nature 
of the BSP storage process, the rate of biliary 
secretion cannot be equated to the rate of hepatic 
removal of BSP from the plasma unless the 
plasma level is absolutely constant. An indirect 
estimation of the BSP transport maximum is pos- 
sible, nevertheless, by analysis of the data obtained 
during determination of relative storage capacity 
(10). 

With a method at hand for the quantitation of 
BSP relative storage capacity and transport maxi- 
mum, it has been possible to study hepatocellular 
function and biliary secretion in the unanesthe- 
tized dog and to evaluate the effect of hepatic di 
ease on these processes in man. The results are 
presented in this paper. 


THEORETICAL CONSIDERATIONS 


The hepatic removal rate of BSP at any instant must 
be equal to the sum of the biliary excretion rate plus 
the rate of accumulation (or minus the rate of deple- 
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tion) of BSP in hepatic parenchymal storage. The 
biliary excretion rate, under conditions where the secre- 
tory transport mechanism is saturated, is equal by defi- 
nition to Tm. If the number of milligrams of BSP 
stored in the liver cells per milligram per 100 ml of 
plasma BSP concentration is defined by the relative 
storage capacity, S, then the rate of accumulation (or 
depletion) of stored BSP will be equal to the product of 
S times the rate of change of plasma concentration 
(Ap/At). Thus hepatic removal rate, R, is a function of 
both the secretory and storage processes: 


R=Tm+S-: (Ap/At) {1] 


R = hepatic removal rate, milligrams per min- 
ute; 
Tm = secretory transport maximum, milligrams 
per minute; 
S =relative storage capacity, milligrams per 
milligram per 100 ml; 
Ap/At=rate of change of plasma concentration, 
milligrams per 100 ml per minute. 


where 


The value of Ap/At can be determined by measurement 
of BSP concentration in serial plasma samples, and, 
since extrahepatic removal is small (10), “R” can be 
calculated by the equation R=I— PV - (Ap/At) (where 
I=infusion rate in milligrams per minute and PV = 
plasma volume in hundreds of milliliters). Thus, Equa- 
tion 1 contains two unknowns, Tm and S. Solution is 
possible by substitution of two sets of values for R 
and Ap/At obtained during two different rates of 
BSP infusion. In actual practice three different rates 
of infusion were employed in the present studies in order 
to test the linearity of the relationship between R and 
Ap/At which is implied in Equation 1. When three de- 
terminations are available, the best solution is obtained 
by plotting the three values for R (ordinate) against the 
corresponding values of Ap/At (abscissa). In most in- 
stances the relationship between R and Ap/At proves to 
be approximately linear as predicted from Equation 1, 
and the best straight line through the three points is 
determined by the method of least squares (16). The 
Tm is then equal to the value of R for which Ap/At = 0, 
and S is equal to the slope of the least squares line. 

It should be noted that the relative storage capacity, S, 
as defined, has the dime: t- of a volume (in hundreds 
of milliliters). In view v: « “2 relationship between BSP 
storage and plasma concentration (10) the hepatic stor- 
age compartment can be con idered, in a sense, as an ex- 
tension of the plasma volume. When regarded in this 
way the present method is quite similar to one of the 
techniques proposed by Lewis (12) for the estimation of 
BSP “Ly.” and “BSP fluid compartment.” 


METHODS 


A. Procedure in dogs 


Fifteen studies were conducted on 6 trained adult 
mongrel dogs, weighing between 16 and 30 kg, which 
had previously undergone splenectomy, cholecystectomy, 
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and installation of a Thomas duodenal fistula apparatus 
(17). At the time of an experiment the fistula was 
opened to permit visualization of the Ampulla of Vater 
through which a no. 5 or no. 6 Fr. olive-tipped ureteral 
catheter was inserted and advanced about 5 or 6 cm into 
the common bile duct. The dog was then placed upright 
in a sling. Bile was collected by gravity or, when it 
was particularly viscous, by gentle aspiration with a 
tuberculin syringe. Venous blood samples were collected 
in heparinized tubes. After obtaining blood and bile 
samples for analytical blanks, BSP in 5 per cent dextrose 
was infused intravenously for 1 hour at a constant rate 
of 0.4 to 0.5 mg per minute per kg (roughly twice the 
anticipated BSP “Tm”) using a Bowman pump. Dur- 
ing the last 30 minutes of this infusion 4 blood samples 
were collected at 10 minute intervals. During the sec- 
ond and third hours this procedure was repeated at BSP 
infusion rates of approximately 0.2 to 0.3 and 0.5 to 0.6 
times the initial rate, respectively. In 6 studies a rapid 
BSP infusion (1 to 1.5 times the initial rate) was ad- 
ministered during the fourth hour in order to achieve a 
very high plasma level. Bile was obtained continuously 
and collected in successive separate graduated tubes at 
intervals of 10 to 15 minutes. Plasma volume was meas- 
ured during the course of each study using I-labeled 
human serum albumin. The activity of a plasma sample 
obtained 10 minutes after tracer injection was compared 
with that of an aliquot of the injectate diluted to known 
volume with isotope-free “carrier” plasma to avoid ad- 
sorption of tracer to glass. At the end of each study the 
rates of delivery of the Bowman pump were calibrated. 


B. Procedure in man 


Studies were conducted on 4 normal male volunteers, 
on 15 hospital patients without liver disease, and on 15 
patients with various hepatic disorders. A second study 
was conducted on 2 of the normal volunteers 3.5 months 
after the first determination. The procedure was be- 
gun about an hour after a fat-free breakfast. After ob- 
taining an initial blood sample BSP was infused for 1 
hour at a constant rate of approximately 0.3 mg per 
minute per kg. Four venous blood samples were drawn 
at 10 minute intervals during the last 30 minutes of this 
infusion. This procedure was repeated at infusion rates 
usually 0.3 and 0.6 times the initial rate during the sec- 
ond and third hours, respectively. In the presence of 
liver disease the same procedure was followed, but all 
infusion rates were scaled down to 25 to 50 per cent of 
those employed in normal subjects. A rapid estimation 
of the BSP concentration in the first two blood speci- 
mens was carried out so that, if necessary, the subse- 
quent infusion rates could be adjusted to avoid BSP 
concentrations outside the range of 2.5 to 15 mg per 
100 ml. Plasma volume was measured during the first 
hour in all subjects using I*’-labeled human serum al- 
bumin. 


C. Analytical methods 
Plasma. 


One ml of each plasma sample was diluted 
by the addition of 10 ml of normal saline and 0.2 ml of 
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20 per cent potassium hydroxide. The optical density 
was determined in a Beckman DU spectrophotometer at 
580 my. The optical density of a similarly treated plasma 
“blank” (obtained before the infusion of BSP) was sub- 
tracted. Standard curves for this determination were 
prepared by the addition of known amounts of BSP to 
canine plasma and to both normal and icteric human 
plasma. It was found that accurate results could be ob- 
tained in icteric plasma provided that 15 minutes were 
allowed for complete color change of bilirubin after al- 
kalinization and provided the appropriate blank was sub- 
tracted. | 

Bile. The determination of BSP concentration in bile 
was complicated by the finding that the spectrophoto- 
metric recovery of BSP added to bile was often sig- 
nificantly reduced when the bile was diluted in the range 
of 200- to 1,000-fold. The reason for this phenomenon 
was not apparent, but it was found empirically that ac- 
curate measurement of BSP could always be obtained 
if the final dilution of bile was less than 200-fold. Since 
the BSP concentrations encountered in dog bile necessi- 
tated a higher dilution, this problem was circumvented 
by the addition of “blank” bile to the dilute bile speci- 
mens. A _ pooled control bile sample, obtained before 
BSP infusion, served as the source of the “blank” bile. 

All bile samples were first diluted 100 times with dis- 
tilled water. One ml of the diluted sample was. then 
mixed with 1 ml of a fivefold dilution of the “blank” 
bile, 20 ml of water, and 0.4 ml of 20 per cent potassium 
hydroxide and the optical density determined at 580 mu. 
The optical density of a similarly treated control bile 
was subtracted. 

Infusion mixture. Concentration of BSP in the infu- 
sion mixture was determined at 580 mu after appropriate 
aqueous dilution and addition of alkali. 


D. Calculation of Tm and S 

The values of plasma BSP concentration were plotted 
on a linear scale against time. The rate of change of 
BSP concentration (Ap/At) during the last 30 minutes 
of each infusion period was calculated by application of 
the method of least squares (16) to the 4 points obtained 
during that time, although in most instances a reasonably 
straight line through the 4 points could have been fitted 
by eye. A value of hepatic removal rate was deter- 
mined for each infusion period, and Tm and S were 
calculated as described under “Theoretical Considera- 
tions.” 


RESULTS 
A. Dogs 


Tm and S. During the latter half of each 
period of constant BSP infusion the plasma BSP 
concentration (P) changed in an approximately 
linear fashion with respect to time (Figure 1). 
Thus a constant hepatic BSP removal rate 
was achieved during each of the three constant in- 
fusions. When the three values of R were plotted 
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Fic. 1. Estimation OF TM AND IN THE 
poc. Constant infusions of BSP were administered at 
the three rates indicated. Plasma concentration changed 
in linear fashion with respect to time during the latter 
half of each infusion period. Biliary BSP excretory 
rate achieved a maximal value of 4 mg per minute within 
30 minutes of starting BSP and was thereafter inde- 
pendent of plasma concentration, although it tended to 
diminish gradually as the study progressed. The he- 
patic BSP removal rate was greater than the excretory 
rate during periods of increasing plasma concentration, 
indicating accumulation of BSP in the liver. When 
plasma concentration was falling, removal rate was less 
than excretory rate indicating net depletion of stored 
BSP. The relationship between Ap/At and removal rate 
(R) shown below is consistent with the relationship: R = 
Tm+S- (Ap/At). Tm and S are calculated from the 
intercept (Ap/At=0) and the slope of this line, re- 
spectively. 
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against the corresponding rates of change of 
plasma concentration (Ap/At) there was usually 
a linear relationship between these variables as in 
the example shown in Figure 1. Owing to the 
difficulty of maintaining a steady state, some devi- 
ation of this relationship from linearity occurred 
in several experiments, but in only one study (not 
included in the 15) was this deviation so pro- 
nounced that it would have been unreasonable to 
construct a straight “least squares” line through 
the three points. 

The values of Tm and S are shown in Table I. 
Average values for individual dogs were computed 
on the basis of five studies on one dog and two 
studies on each of the others. In accordance with 
customary procedure these were arbitrarily ad- 
justed to a body weight of 10 kg, although of 
course the data were insufficient to test the actual 
correlation with body size. The mean Tm for the 
six dogs was 1.9 mg per minute per 10 kg (range 
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1.4 to 3.2) and the mean value of S was 25 mg 
per mg per 100 ml per 10 kg (range 21 to 35). 
Biliary BSP excretion. Control bile flow was 
usually between 0.05 to 0.15 ml per minute. Fol- 
lowing the onset of BSP infusion there was invari- 
ably at least a twofold increase in flow. There- 
after spontaneous fluctuations in flow were com- 
monly observed. The biliary excretion of BSP 
achieved a maximal rate within about 30 minutes 
of starting BSP infusion when plasma concentra- 
tion exceeded 3 mg per 100 ml in all studies. Be- 
yond this point excretory rate was independent of 
plasma BSP concentration and of hepatic re- 
moval rate as shown in Figure 1. Even when ex- 
cessively high plasma levels (22.4 to 48.3 mg per 
100 ml) were produced at the end of six studies 
by rapid BSP infusion there was no further in- 
crease in excretory rate, so that it was apparent 
that the maximal capacity for BSP transport had 
been achieved. The BSP excretory rate, averaged 


TABLE I 


BSP transport maximum (Tm), relative storage capacity (S) and biliary 
excretion rate in unanesthetized dogs 


Tm 


BSP ex- 
Adjusted cretion 


Adjusted Excretion rate 
Tm rate* T 


— 100 


mg/min 


12/18/57 
1/10/58 
2/5/58 
2/26/58 

10/15/58 


Norma 


Average 


2/20/58 


Nero 3/7/58 


Average 


3/12/58 


Cora 3/27/58 


Average 


5/12/58 


Tosca 5/26/58 


Average 


6/11/58 


Isolde 3/13/59 


Average 
Dali 
Average 


8/18/58 2.8 
11/17/58 3.9 


mg/min, mg/min 


~ 


me/me% me/mEe%/ 
10 ke 


3. 
3; 
3. 


Mean Tm 1.9 mg/min/10 kg (range 1.4 to 3.2) 
Mean S 25 mg/mg%/10 kg (range 21 to 35) 


Excretion rate 
Tm 


X 100: Mean + SD 87.5 + 13.4% 


* Average BSP excretion rate from time maximum achieved to end of study. 


i 

pine! Dog Date Wt = 

ke 

keg 

tated 17.6 4.5 53 30 6 79 

rot 17.6 44 24 13 4 78 

17.6 4.2 30 17 1 75 

17.5 3.2 44 25 0 95 

Pitas 20.9 3.4 69 33 4 99 : 
24 

Smee 15.9 5.3 40 25 3.3 62 

na ANS 15.9 4.9 48 30 3.9 81 

sree 22.0 2.8 49 22 2.5 92 

22.0 3.3 30 14 3.5 104 
18 

ee 20.4 2.3 72 35 2.6 113 . 

ee 23.6 3.9 76 32 3.6 94 

ame 30.2 4.3 56 19 4.2 97 

25 

Ee 49 22 3.6 91 


TRANSPORT AND STORAGE OF BSP 


Decholin 
400 mg ivy 


O= 


REMOVAL RATE 
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MINUTES 

Fic. 2. EFFect OF SODIUM DEHYDROCHOLATE (DECHO- 
LIN). At time zero a “priming” intravenous dose of 200 
mg of BSP was given and a constant infusion at 4.04 
mg per minute was started. Administration of 400 mg 
of Decholin at the time indicated resulted in a sudden 
diminution in hepatic BSP removal rate, shown by the 
abrupt rise in plasma concentration. Bile flow increased 
markedly. The apparent increase in BSP excretory rate 
was attributable to the lag between flow and concentra- 
tion changes caused by the biliary ‘dead space” (see 
text), and was followed by an apparent decrease due to 
the same cause. On the average, BSP excretory rate 
was not altered by Decholin (3.75 compared to 3.60 mg 
per minute), indicating continued transport of BSP 
from liver cells to bile during the period of reduced he- 
patic removal rate. 


from the time the maximal rate was achieved un- 
til the end of the 3 hours of infusion, is shown in 
Table I. In the last column these figures are com- 
pared with the values for estimated BSP Tm. 
The observed excretory rate was equal, on the 
average, to 87.5+SD 13.4 per cent of the esti- 
mated Tm. 

The maximal biliary excretory rate was not as- 
sociated with a constant BSP concentration in 
bile. The latter varied considerably from study to 
study (range 700 to 4,210 mg per 100 ml). It 
also varied during the course of individual studies 
as bile flow changed. In one dog, for example, a 
spontaneous change in bile flow from 0.164 to 
0.079 mg per minute was associated with a change 
in BSP concentration from 1,940 to 4,210 mg 
per 100 ml without alteration in BSP excretory 
rate, and similar changes were observed from 
time to time in all animals. 

In many studies, however, there was a definite 
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diminution in the excretory rate over the 2 to 3 
hours following the establishment of the maximal 
rate. As in the example in Figure 1, this change 
was usually gradual and did not appear to be re- 
lated to any specific step in the procedure. The 
overall change amounted to less than 15 per cent 
in seven studies. There was a 15 to 30 per cent 
diminution in five studies and a 30 to 40 per cent 
diminution in three. The average change for 15 
studies was — 15 per cent. 

Effect of sodium dehydrocholate. That the 
hepatic uptake and biliary excretion of BSP are 
independent processes was further shown by the 
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Fic. 3. Estimation oF BSP Tm AND S IN NOR- 
MAL MAN. Except for the actual rates of BSP infusion 
and the absence of data on biliary excretion, the tech- 
nique and interpretation are identical with that shown 
in Figure 1 for the dog. (Note the very rapid removal 
rate during the period of increasing plasma concentration. ) 
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effect of sodium dehydrocholate. In two dogs a 
“priming” intravenous dose of BSP (approxi- 
mately 13 mg per kg) was followed by a constant 
infusion at a rate approximately equal to the 
previously estimated BSP Tm. By this means a 
relatively constant plasma concentration was 
achieved. After approximately 80 minutes, 400 
mg of sodium dehydrocholate (Decholin) was 
administered intravenously. The response was 
identical in the two dogs and is illustrated in Fig- 
ure 2. There was an abrupt diminution in he- 
patic removal rate (indicated by sudden increase 
in plasma concentration). This was followed in 
about 5 minutes by an increased removal rate, and 
finally, after about 25 minutes, by the restoration 
of control removal rate and plasma level. The 
administration of sodium dehydrocholate produced 
a marked transient increase in bile flow (0.30 to 
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0.98 and 0.36 to 0.80 ml per minute in the two 
dogs). Corresponding to this increase there was 
a reciprocal reduction in biliary BSP concentra- 
tion which, however, was not observed until an 
additional 2 to 3 ml of the bile had been collected. 
This volume is somewhat smaller than a previous 
estimate of about 5 ml for the “dead space” of the 
canine biliary tract (18), possibly because the 
common duct and major hepatic ducts were main- 
tained in a collapsed state by continuous aspira- 
tion in the present studies. Because of the ‘dead 
space”’ lag between flow and concentration changes, 
the calculated BSP excretory rate showed an 
abrupt increase followed by a decrease below the 
control rate. However, the average BSP excre- 
tory rate over the entire period of dehydrocholate 
effect did not differ significantly from the control 
excretory rate despite the inhibition of removal of 


4 
005 
MG / MIN. 


4 4 
0.10 ous 


Fic. 4. RELATIONSHIP BETWEEN ADJUSTED BSP REMOVAL RATE (R’) AND 


Ap/At In 19 NORMAL SUBJECTS. 


Actual values of removal rate have been ad- 


justed (see text) so that the three points (Ap/At, R’) for each subject fall 


about the line R’= 10+ 100 - (Ap/At). 


In most subjects the relationship be- 


tween removal rate and rate of change of plasma concentration is close to the 


postulated straight line. 
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TABLE II 


BSP transport maximum (Tm) and relative storage capacity (S) in normal human subjects 


Surface 
Sex Age Wt area* 


Tm Ss Diagnosis 


m? 


EE 


ASS 


Males 9. 
Tm, Females y 
All subjects 8. 


66 
67 
77 
58 
79 
56 
63 
52 
80 
54 
56 
58 
86 
73 
51 
60 
D 

D 

D 


5+S 
i+S 
6+S 


* Surface area estimated from height and weight by nomogram of Boothby and Sandiford (32). 


BSP from plasma. In one dog BSP excretory 
rate following dehydrocholate injection averaged 
3.75 compared with a control rate of 3.60 mg per 
minute, and in the other dog 4.41 compared with 
4.27 mg per minute. 

Enterohepatic circulation of BSP. When esti- 
mations of Tm and S are undertaken without bile 
collection (as in the studies in man which fol- 
low), an error might arise if a significant quantity 
of the excreted BSP were reabsorbed. An in- 
vestigation of the magnitude of intestinal absorp- 
tion of this dye was therefore carried out. In two 
dogs, 600 mg of BSP was administered into the 
duodenum (48 ml of 1,250 mg per 100 ml solu- 
tion in normal saline given over a 40 minute pe- 
riod). Within 30 minutes after introduction of 
the dye measurable quantities appeared in the bile. 
Maximal bile concentration was achieved in 1 
hour in one dog (648 mg per 100 ml) and in 2 
hours in the other (535 mg per 100 ml) and de- 
creased thereafter, reaching levels under 50 mg per 
100 ml within 4 hours. There was no increase in 
bile flow. Of the total administered dose the frac- 
tion recovered in bile in the two dogs at the end 
of 2 hours was 2.6 and 2.3 per cent, and at the end 
of 3.5 hours 4.0 and 4.7 per cent, respectively. 


me/min me/me% 
Normal 
Normal 
Repeat after 3.5 months 
Normal 
Repeat after 3.5 months 
Normal 
Duodenal ulcer 
Duodenal ulcer 
Pneumonia, convalescent 
Essential hypertension 
Duodenal ulcer 
Spontaneous pneumothorax 
Postinfluenza 
Pneumonia, convalescent 
Asthma 
Pneumonia, convalescent 
Spontaneous pneumothorax 
Pneumonia, convalescent 
Peptic ulcer 
Gastric ulcer 
Post phlebectomy 


67 + SD 28 mg/mg% 


Males 
S{ Females 57 + SD 19 mg/mg% 
All subjects 63 + SD 25 mg/mg% 


COUR UNTO 


In another study 340 mg of BSP was dissolved 
in 15 ml of dog bile and administered into the 
duodenum. Only 1.4 per cent was recovered in 
the bile excreted over the next 4 hours. These 
observations are similar to those of Lorber and 
associates (19) in the anesthetized dog, and in- 
dicate a very limited interestinal absorption of 
BSP. Reabsorption of the BSP conjugates nor- 
mally excreted in the bile may be even more lim- 
ited. When bile (containing 350 mg of BSP) 
was collected from a dog receiving an intravenous 
BSP infusion and administered into the duodenum 
of another dog, no BSP was detectable in the bile 
excreted by the latter animal over the next 3 
hours. 


B. Normal man 


As in the dog, linear rates of change of plasma 
BSP concentration were observed during the 
latter half of each infusion period (Figure 3). 
The values of Tm and S were calculated as de- 
scribed under ‘Theoretical Considerations” and 
as illustrated in Figure 3. The relationship be- 
tween R and Ap/At proved to be approximately 


linear in most instances. In order to illustrate 
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this relationship on a single composite graph 
(Figure 4), the three values of R in each subject 
were subjected to the operation R’ = R-(100/S) 
+ [10 — Tm-(100/S)], so that the three points 
(Ap/At, R’) fell about the least squares line R’ = 
10 + 100-(Ap/At). This operation does not 
disturb the relative positions of the three points, 
and it can be seen from Figure 4 that the actual 
relationship between R and Ap/At adhered rather 
closely to the postulated straight line in most sub- 
jects. Deviations from linearity appeared to be 


entirely random and can probably be attributed 
to methodological errors or failure to maintain a 
steady state for 3 hours. 

In four normal males the average Tm was 10.3 
mg per minute and S was 85 mg per mg per 100 
ml. In eight hospital “normal’’ males (without 
liver disease) the average Tm was 9.1 mg per 


BSP Tm mg/min. 
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minute and S was 58 mg per mg per 100 ml. The 
mean for both groups was Tm =9.5+ SD 1.9 
mg per minute and S = 67 + SD 28 mg per mg 
per 100 ml. In hospital “normal” females Tm 
was 7.1 + SD 0.8 mg per minute and S = 57 + 
SD 19 mg per mg per 100 ml. The individual 
results are shown in Table II and in Figure 5. 
In men but not in women there was a positive cor- 
relation between Tm and body weight (R= 
0.66, p < 0.05) and between Tm and surface area 
(R = 0.82, p< 0.01). No correlation was ap- 
parent between S and weight or between S and 
surface area in either sex. In view of the lim- 
ited number of subjects, no definite conclusion 
can be drawn regarding the relationship between 
various indices of body size and the values of Tm 
and S, and therefore no empirical correction for 
weight or surface area was applied in man. 


Dubin- Johnson Syndrome 
Hepotitis 

Cholangiolitic Hepatitis 

Acute Fatty infiltration 

Gommon Duct Obstruction 
Choledocholithicasis -6dys postop 
Chlorpromazine Jaundice 
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Fic. 5. TM And S IN NORMAL HUMAN SUBJECTS AND IN PATIENTS WITH 


HEPATIC DISORDERS. 
is apparent from this figure. 


The marked normal variation in relative storage capacity 
In patients with obstructive disease as well as in 


those with hepatocellular disease both Tm and S were depressed. The lowest 
values of Tm, however, occurred in three patients with Dubin-Johnson syndrome 
whose capacity to store BSP was well within the normal range. 
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TABLE III 
BSP transport maximum (Tm) and relative storage capacity (S) in patients with hepatic disorders 


Surface 


Subject Sex Area* 


Tm Diagnosis 


no 


F 
M 
M 
F 
F 
M 


te 


F 
M 
F 
M 
M 
M 
F 


mg/min 
1.8 Infectious hepatitis 
0 Serum hepatitis 
Serum hepatitis 
Cholangiolitic hepatitis 
Cholangiolitic hepatitis 
Acute fatty infiltration 
Chronic common duet stricture 
Obstructive jaundice, carcinoma 
of pancreas 
Obstructive jaundice, choledo- 
cholithiasis 
6 Days after cholecystectomy and 
choledocholithotomy 
Chlorpromazine jaundice, subsiding 
Chlorpromazine jaundice 
Dubin-Johnson syndrome 
Dubin-Johnson syndrome 
Dubin-Johnson syndrome 


* Surface area estimated from height and weight by nomogram of Boothby and Sandiford (32). 


C. Liver disease 


Patients were selected who had either primarily 
hepatocellular disease (hepatitis, acute fatty infil- 
tration) or primarily obstructive disease (extra- 
hepatic obstruction, chlorpromazine jaundice) on 
the theory that there might be a greater depres- 
sion of S in the former and a greater depression 
of Tm in the latter group. However, as shown 
in Table III and in Figure 5 both Tm and S were 
reduced to approximately the same extent in pa- 
tients with hepatocellular and obstructive disease. 
The only exception was F.S., a patient with chlor- 
promazine jaundice entering a period of rapid re- 
covery at the time of the study, whose storage 
capacity fell within the normal range. It should 
be noted that all the patients with obstructive 
jaundice had developed symptoms at least one 
week before the study. 

Three patients with Dubin-Johnson syndrome 
(chronic idiopathic jaundice) were studied, all 
of whom had the characteristic features of this 
disorder (20). In each instance the diagnosis 
had been established by hepatic biopsy which re- 
vealed typical centrolobular pigmentation. Pa- 
tient D.D. was the nephew of M.R.1. As shown 
in Table III and in Figure 5 the Tm in these pa- 


1 We are indebted to Drs. Irwin M. Arias and Irving 
M. London of the Albert Einstein College of Medicine 
for providing us with the opportunity to study Patients 
D.D. and M.R. 


tients was virtually zero whereas the storage ca- 
pacity was well within the range established for 
normal subjects. In Patient J.L. the plasma BSP 
concentration was followed for 24 hours after 
termination of the actual study. During the first 
8 hours it diminished from 19.1 to 13.6 mg per 100 
ml. At the end of 16 hours the plasma level was 
still elevated (9.4 mg per 100 ml) indicating an 
extremely slow excretion of dye. 


D. Toxicity 


In six studies of the dog, the rapid infusion of 
BSP during the fourth hour increased the total 
administered dose to approximately 1,500 to 
1,800 mg compared to the 800 to 1,000 mg given 
in the course of the usual 3 hour procedure. In 
three of these, toward the end of the fourth hour, 
there was a sharp diminution in bile flow and BSP 
excretion rate. All three appeared well when the 
study was terminated but began vomiting about 4 
hours later. In one, whose bile was still being 
drained by way of the common duct catheter, the 
vomiting subsided within an hour and the dog 
was entirely well thereafter. The other two, in 
whom the catheter had been removed and the 
fistula closed, died within 6 hours of the onset of 
symptoms. Postmortem examination revealed 
severe gastrointestinal hemorrhage, most marked 
in the proximal small intestine. Microscopic ex- 
amination of the liver in one revealed extensive 
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acute central necrosis. With the possible excep- 
tion of the gradual diminution in BSP excretory 
rate noted previously, no evidence of toxicity was 
ever observed in animals that received only the 
three BSP infusions involved in the basic pro- 
cedure. 

Among the patients studied, D.D. and M.R. 
noted transient nausea and vomiting following a 
meal which they ate together 8 hours after the 
study. Although the total amount of BSP in- 
fused in these two patients was not excessive 
(1,520 and 1,550 mg), the maximal plasma con- 
centrations achieved (14.2 and 18.8 mg per 100 
ml) were higher than in most other studies in 
man. No symptoms suggestive of toxicity were 
observed in any other subjects although quanti- 
ties of BSP as great as 3,275 mg were infused in 
normal males. While the evidence for toxicity is 
certainly inconclusive it seems wise to adhere to 
the practice of “scouting” the BSP concentra- 
tion in the early blood samples so that, if neces- 
sary, the subsequent infusion rates can be altered 
to avoid excessively high plasma levels. More 
prolonged or more rapid BSP infusions than 
those employed here should probably be avoided. 


DISCUSSION 


BSP secretory transport. 


The foregoing ob- 
servations provide direct evidence in the dog that 
the biliary secretion of BSP involves a rate-limited 


process. The maximal excretory rate was 
achieved when the plasma BSP concentration ex- 
ceeded approximately 3 mg per 100 ml, and fur- 
ther elevation of plasma concentration to as high 
as 48 mg per 100 ml did not result in any further 
incréase in the rate of BSP excretion. Assuming 
a comparatively constant hepatic blood flow, this 
represents at least a 16-fold range in the quan- 
tity pf BSP presented to the liver per unit time. 
In view of the variation in biliary BSP concen- 
tration encountered in these dogs, the limiting 
factor in BSP transport does not appear to be a 
fixed biliary concentration maximum as suggested 
by the studies of Brauer and Pessotti for anesthe- 
tized animals (3). 

Although it has been shown that a major pro- 
portion of BSP appears in the bile in the form of 
chromotographically distinct conjugates (21-24), 
it is apparent that conjugation is not essential for 
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BSP secretion since a considerable amount of un- 
conjugated BSP is also found in all species. 
However, in view of the constant ratio between 
the amount of BSP and its conjugates, which was 
observed during concurrent studies (22), one 
cannot be certain whether the BSP Tm refers 
to a single transport mechanism or to the sum of 
separate transport mechanisms for BSP and each 
of its conjugates. 

The magnitude of the average estimated Tm in 
dogs (1.9 mg per minute per 10 kg) is consistent 
with previous observations in this laboratory (9, 
10), but is considerably lower than the L,, of 
4.4 mg per minute per 10 kg estimated by Mason, 
Hawley and Smith (11). A possible explanation 
for this difference is that Mason and co-workers 
employed a correction for variation in plasma con- 
centration which did not take the storage phe- 
nomenon into account. If the L, was calcu- 
lated during a period of increasing concentration 
(as it was in the one illustration presented by 
these authors), this could have led to a consid- 
erable overestimation of secretory function. 

The degree of variation in the Tm from time 
to time in a given animal (Table I) suggests a 
comparable degree of variability in the biological 
factors which determine transport maximum. 
While methodological factors may have contrib- 
uted to this variation, it is obvious that one must 
exercise caution in equating the secretory trans- 
port maximum simply to liver mass. 

The finding that measured output in the bile 
was equal, on the average, to 87.5 per cent of the 
estimated Tm indicates that biliary secretion must 
be the major mechanism for continuous elimina- 
tion of BSP despite the fact that some extra- 
hepatic removal is known to occur (10, 25). 
Since the BSP conjugates in bile may have a 
lower molar extinction coefficient than BSP itself 
(21, 25), it is possible that the true biliary excre- 
tory rate of BSP was, if anything, underestimated 
by the spectrophotometric technique employed in 
the present studies. There is no satisfactory ex- 
planation for the gradual diminution in the BSP 
excretory rate noted in some of the studies on 
dogs. This may have been due to a toxic effect 
of the dye itself, to the depletion of some sub- 
strate essential for BSP transport, or to the de- 
pletion (by total bile collection) of substances 
such as bile salts which normally undergo entero- 
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hepatic circulation and which are involved in nor- 
mal bile production (26). Any change in the 
actual BSP secretory rate must of course affect 
the calculation of Tm and S, which is based on 
the assumption of a 3 hour steady state with re- 
spect to BSP transport and storage. If the entire 
procedure could be shortened, the effect of this 
phenomenon, when it does occur, would be mini- 
mized. However, in the course of exploratory 
studies it became apparent that one cannot be 
sure of the establishment of a constant hepatic 
BSP removal rate within less than 30 minutes of 
the institution of a given rate of infusion. There- 
after, an additional 30 minutes is required for the 
reliable estimation of Ap/At and R. Thus it ap- 
peared unwise to allow less than 1 hour for each 
infusion period. The magnitude of the error 
caused by a diminishing BSP Tm can be estimated 
by substituting three appropriate hypothetical 
sets of values for R, Tm and S into Equation 1 
and obtaining the corresponding values for Ap/At. 
When the three sets of values for R and Ap/At 
thus obtained were treated in the same manner 
as experimental data in estimating Tm and §, it 
was found that a 15 per cent diminution in BSP 
Tm over the course of 3 hours would lead to a 
10 per cent underestimation of the initial trans- 
port maximum. The value of S would be over- 
estimated by 6 per cent. These errors are not 
excessive, but data gathered over periods longer 
than 3 hours might well prove unreliable. 

In man, the existence of a rate-limited BSP 
transport mechanism is indicated by the achieve- 
ment of a state in which hepatic removal rate is 
independent of absolute plasma concentration and 
related only to the rate of change of plasma con- 
centration. The mean Tm in normal subjects 
(8.6+ SD 1.9 mg per minute) is considerably 
lower than the maximal secretory rate of 18.3 mg 
per minute estimated previously by Verschure 
(15). The latter figure was calculated by ap- 
plication of the formula of Mason, Hawley and 
Smith (11) to data obtained during a single BSP 
infusion at approximately 25 mg per minute. The 
actual data published by Verschure are, in fact, 
quite comparable to those observed during the 
rapid initial infusion employed in the method pre- 
sented here. However, as shown in Figure 3, 
the hepatic BSP removal rate is regularly very 
high under the . circumstances due to the rapid 
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accumulation of BSP in storage, so that this re- 
moval rate cannot be equated simply to the rate of 
secretion. In earlier work with BSP, Bradley, 
Ingelfinger, Bradley and Curry (14) found that 
an infusion rate of approximately 3 mg per minute 
per m? (or 5.2 mg per minute per 1.73 m*) was 
the maximal rate at which continuously rising 
plasma BSP concentrations could be avoided in 
all their normal subjects. They suggested that 
this might represent an approximation to the mini- 
mal normal value of BSP Tm, and this estimate 
proves in fact to be roughly comparable to the 
lowest values of BSP Tm encountered in the 
present series (Table II). 

Concentration of BSP in hepatic parenchyma. 
The accumulation of BSP within the hepatic 
parenchyma appears to proceed toward an equi- 
librium state in which the quantity (and hence the 
concentration) of “stored” material is directly 
proportional to the concentration of dye in the 
surrounding plasma. The liver behaves, in this 
respect, as though it were an extension of the 
plasma volume, and the relative storage capacity, 
S, actually has the dimensions of a “volume.” 
However, the magnitude of S, when compared 
with the actual size of the liver, indicates that BSP 
concentration in the liver cells must be many times 
that in the plasma. 

Assuming a liver mass of approximately 250 g 
per 10 kg in the dog and 1,500 g in man, the 
average values for S of 25 mg per mg per 100 ml 
per 10 kg and 63 mg per mg per 100 ml in the two 
species would suggest that, with respect to plasma, 
the liver tends to concentrate BSP at least tenfold 
in the dog and fourfold in man. The range of 
normal values for S suggests that there is con- 
siderable variation in the biological mechanisms 
by which this concentration ratio is maintained 
from one subject to another and also, at least in 
the dog, from time to time in a given animal. 
This variation is greater than that observed in 
the Tm. 

A high concentration ratio between liver and 
plasma might imply that some constituent of the 
liver cell has an affinity for BSP relatively greater 
than that of plasma protein. This would account 
for an ultimate relationship between liver and 
plasma concentrations but would certainly not ex- 
plain the rapidity with which BSP, and other 
strongly protein-bound dyes such as rose bengal 
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(27) and indocyanine green (28), actually move 
across the liver cell membrane. More detailed 
understanding of the storage phenomenon must 
also take into account the possible role of BSP 
conjugation, since alteration of chemical structure 
might favor the accumulation of larger amounts 
of dye in the liver. However, as in the case of 
biliary secretion, there is no evidence at present 
to indicate whether or not conjugation plays an es- 
sential role in the storage process. 

Relationship between storage and transport. 
In view of the anatomical relationship between the 
sinusoids, the liver cells, and the bile canaliculi, it 
might be postulated that plasma BSP is first taken 
up and stored in high concentration in liver cells 
from which it is then transported into the biliary 
tract (where it reaches even higher concentra- 
tions). However, it is also possible that there 
is a direct route of transport between plasma and 
bile and that the stored BSP is a more or less 
separate pool in equilibrium with the plasma. 
The latter possibility seems less likely when the 
observations with sodium dehydrocholate are con- 
sidered. It was shown by Cantarow and Wirts 


(29) that the biliary excretion of BSP is markedly 


retarded when sodium dehydrocholate and BSP 
are administered simultaneously. In the present 
studies, by contrast, dehydrocholate was adminis- 
tered only after a large amount of BSP was al- 
ready stored in the liver, and there was no reduc- 
tion in BSP excretion. Thus, when hepatic re- 
moval of BSP from the plasma is partially blocked 
by dehydrocholate it becomes apparent that the 
dye can be secreted directly from hepatic paren- 
chymal storage. Although the biliary secretion of 
BSP may depend upon the prior storage of dye 
within the liver cells, it is also obvious from the 
studies on patients with Dubin-Johnson syndrome 
that secretory transport can be markedly depressed 
even in the presence of an entirely normal storage 
capacity. 

BSP Tm and S in liver disease. While a de- 
pression of BSP Tm was anticipated in all types 
of hepatic disease, a more nearly normal storage 
capacity might have been expected in the patients 
with biliary obstruction. It is not clear whether 
the reduced storage capacity in these patients is 
an indication of secondary parenchymal damage 
or whether it is due to the retention of specific 
substances which interfere with BSP storage. 
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However, it is obvious that measurements of Tm 
and S could not be used clinically to distinguish 
between obstructive and hepatocellular jaundice. 

Extrahepatic removal of BSP, which can be 
practically disregarded when hepatic function is 
normal (10, 30), should not be increased in pa- 
tients with hepatic disease provided the BSP in- 
fusion rates are reduced sufficiently to avoid ex- 
cessively high plasma concentrations. Neverthe- 
less, the ratio of extrahepatic to total BSP re- 
moval is necessarily greater when hepatic func- 
tion is impaired and this will affect the esti- 
mation of Tm or S or both (depending upon the 
behavior of the extrahepatic mechanisms). Hence 
the reduction in Tm and §S in patients with liver 
disease must have been, if anything, even more 
marked than the values in Table III and in Figure 
5 would indicate. 

It is noteworthy that the estimated values of 
Tm exceeded 1 mg per minute in all pateints with 
total biliary obstruction. While this may be ex- 
plained in part by extrahepatic BSP removal, it 
is difficult to reconcile this explanation with the 
consistently lower Tm values observed in patients 
with Dubin-Johnson syndrome (whose extrahe- 
patic removal should be just as great). The pos- 
sibility that there is some secretion of BSP into 
the obstructed biliary tree cannot be excluded. 

The findings in patients with Dubin-Johnson 
syndrome support the prevailing concept (20) 
that this disorder involves a specific excretory de- 
fect without significant disturbance of other he- 
patocellular functions. The values of Tm and S 
observed in this syndrome would lead one to 
anticipate a sharp break in the BSP disappear- 
ance curve and a markedly reduced quantity of 
BSP in the bile as noted by Mandema, de Fraiture, 
Nieweg and Arends (31) following a single BSP 
injection. However, the regularly demonstrable 
relationship between hepatic BSP storage and 
plasma BSP concentration is inconsistent with 
the viewpoint, proposed by these authors, that 
hepatic storage capacity can be defined by an ab- 
solute maximal value. Patients with Dubin-John- 
son syndrome, like normal subjects, appear to 
store BSP in the hepatic parenchyma in high con- 
centration relative to plasma. In contrast to nor- 
mal subjects, however, they are practically in- 
capable of transporting BSP into the biliary tract. 
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SUMMARY 


The rate of removal (R) of sulfobromophtha- 
lein sodium (BSP) from the blood is a function 
of 1) the rate of secretion of dye into the bile and 
2) the rate of accumulation (or depletion) of dye 
in the hepatic parenchyma. BSP transport into 
the bile is a rate-limited process which becomes 
constant (Tm) when the plasma concentration 
of BSP is in excess of 3 mg per 100 ml. The ac- 
cumulation of BSP in the hepatic parenchyma ap- 
pears to proceed toward an equilibrium state in 
which the quantity of “stored” dye is proportional 
to BSP concentration in the surrounding plasma. 

Extrahepatic tissue uptake is relatively small 
and may be considered negligible in defining BSP 
removal (R) in terms of active transport and 
storage as follows: R = Tm + S:-(Ap/At), where 
Ap/At is the change in plasma BSP concentration 
in milligrams per 100 ml per minute and S is the 
number of milligrams stored per milligram per 
100 ml of plasma BSP concentration. The quan- 
tity “S” has been designated as the “relative 
storage capacity.” The two unknowns, Tm and 
S, may be determined by the solution of simul- 
taneous equations from values for R and Ap/At 
obtained from the slopes of the plasma BSP con- 
centration curves at different constant rates of 
BSP infusion. 

Since S, which has the dimensions of volume, 
has proved to be several times larger than the vol- 
ume of the liver itself, it may be inferred that 
BSP is concentrated in the liver cells. The linear 
correlation between R and Ap/At at various in- 
fusion rates in the normal dogs or human subjects 
is consistent with constancy of both Tm and S 
within the range of BSP concentrations explored. 

In six dogs, BSP Tm averaged 1.9 mg per min- 
ute per 10 kg body weight, and S was 25 mg per 
mg per 100 ml per 10 kg body weight. The maxi- 
mal rate of biliary BSP excretion (measured 
colorimetrically) in the dog proved to be 87.5 + 
SD 13.4 per cent of the value for Tm. 

Direct transport of BSP from hepatic parenchy- 
mal storage into bile was demonstrated by the 
fact that excretory rate was maintained at a time 
when hepatic uptake from plasma was inhibited 
by sodium dehydrocholate (two dogs). 

In 19 normal human subjects Tm was 8.6 + 
SD 1.9 mg per minute, and S was 63+ SD 25 


TRANSPORT AND STORAGE OF BSP 


1143 


mg per mg per 100 ml. Both values were dimin- 
ished in patients with obstructive or hepatocellu- 
lar jaundice. In three patients with Dubin-John- 
son syndrome the value for Tm approached zero 
while the relative storage capacity was entirely 
normal, 
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THE DESTRUCTION OF RED CELLS BY ANTIBODIES IN MAN. 


III. QUANTITATIVE FACTORS INFLUENCING THE 


During the past several years it has become 
apparent through experimental studies with 
Cr°'-labeled red cells that injured red cells are 
removed from the circulation in either of two 
general ways. In the first, altered red cells 
are selectively trapped in the spleen. Such 
Splenic trapping can be induced by coating the 
cell surface with adherent proteins, as with incom- 
plete agglutinins (1, 2) or metallo-protein com- 
plexes (1, 3), or by increasing red cell thickness, 
as when red cells are made spherocytic by ex- 
posure to heat (4) or to lecithin (5). In ad- 
dition, immature red cells (6, 7) and red cells in- 
jured by “oxidant” drugs, such as acetylphenyl- 
hydrazine (5, 8) are preferentially, although not 
so avidly, sequestered by the normal spleen. 
When relatively small amounts of Cr*!-labeled red 
cells are injected into man and the splenic filter 
remains “unsaturated,” red cells coated by in- 
complete antibodies or rendered spherocytic im 
vitro are removed from the circulation by the 
spleen at a constant rate of approximately 3 + 1 
per cent per minute (2, 9), a rate which probably 
approaches the splenic blood flow.’ In some in- 
stances red cells so trapped in the spleen may be 
released subsequently into the circulation (5). 
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1 Although no accurate data exist as to the blood flow 
of the normal human spleen, it can be roughly computed 
from knowledge of the hemoglobin content and blood mix- 
ing time. Since the normal spleen contains about 7 g 


of hemoglobin (10), or approximately 1 per cent of that 
of circulating blood, and since, according to Harris, Mc- 
Alister and Prankerd (11), splenic “mixing” of normal 
Cr™-labeled red cells occurs within about 15 seconds, the 
normal splenic blood flow may be estimated to be ap- 
proximately 1 per cent per 0.25 minute, or 4 per cent per 
minute. 
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In the second manner of red cell removal, more 
severe alterations of red cells are involved and 
the cells are sequestered diffusely throughout the 
reticuloendothelial system. Thus the liver, with 
its great mass, is the chief site of trapping. Such 
hepatic trapping ensues when red cells have been 
exposed to agglutinating antibodies (1, 2), com- 
plement-fixing antibodies (12, 13), agglutinating 
metallic cations (1, 3), sodium arsenate (4), 
and sterile incubation at 37° C for 24 hours or 
more (5). In general, these alterations involve 
either gross aggregation of red cells or a near- 
lytic injury to the cell membrane. When injected, 
small amounts of such cells are usually cleared 
rapidly, with half-disappearance rates of from 1.5 
to 6 minutes. This presumably reflects the large 
blood flow of all the reticuloendothelial organs 
combined, among which the liver is foremost. In 
general, hepatic trapping of red cells kinetically 
resembles that of foreign particulate matter of 
many kinds, Although erythrophagocytosis may 
be provoked by some of the forms of red cell in- 
jury enumerated above, and although phagocy- 
tosis is often regarded as the essence of foreign 
particle clearance (14), phagocytosis is not visible 
during the initial stage in the hepatic trapping of 
red cells (15). 

To what extent the contrasting pathways of red 
cell trapping outlined above are determined by 
qualitative, and to what extent by quantitative, 
factors is not certain. At least three purely quan- 
titative factors are presumed to be involved: 7) 
the quantity of altered red cells present ; 2) the ex- 
tent of the alteration; 3) the quantity of filtering 
(largely reticuloendothelial) tissue available (2). 
Although with respect to immune mechanisms, 
earlier studies had shown that the amount of anti- 
body (anti-D) added to the appropriate (type D) 
red cells in vitro influenced the rate at which the 
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affected cells were trapped by the spleen (2), it 
has not been ascertained whether quantitative dif- 
ferences in the extent of a given alteration might 
change the predominant pathway of red cell de- 
struction from splenic to hepatic, or vice versa. 
At least two previous observations suggested, al- 
beit inconclusively, that this might be the case. 
1) Whereas on injection into a normal subject, 
type D red cells sensitized in vitro with anti-D 
were selectively trapped in the spleen, type D red 
cells injected into immunized subjects whose 
plasma contained very high concentrations of 
anti-D were trapped to a moderate extent in the 
liver as well (2). 2) Although the liver is the ma- 
jor site of sequestration when type B (or A) red 
cells are injected into subjects with detectable 
complete antibodies against such cells, at least 
some subjects with agammaglobulinemia (i.e., 
extreme hypogammaglobu!linemia ) sequester ABO- 
incompatible red cells in the spleen (2, 16). 
There were inherent difficulties in the previ- 
ous studies (2) of the quantitative effects of anti- 
body added to red cells in vitro in terms of the 
subsequent fate of these cells in vitro; such stud- 
ies involve a variable dissociation of antibody from 


the red cell after its injection into the circulation, 
the rate of this dissociation depending in part on 
the D antigen concentrations of the injected red 


cells and of the recipient's red cells. In order to 
explore quantitative factors influencing the ef- 
fects of antibodies on red cells in vivo, the studies 
reported below were carried out in man and in 
rats. 


METHODS 
Techniques applicable to studies in man 


Subjects. All studies relating to the effects of anti-B 
were carried out in a 56-year old woman with acquired 
agammaglobulinemia and less than 20 mg per 100 ml of 
gamma globulin in her serum. Previous studies (2) had 
shown that the patient, whose red cells were type A, 
possessed no anti-B which could be demonstrated in vitro, 
and that, as compared to their abrupt destruction in nor- 
mal type A subjects, type B red cells were destroyed 
very slowly in the patient (half-survival time, 5 days), 
almost entirely in the spleen. Furthermore, after small 
weekly injections of type B red cells had been given, 
labeled type B red cells survived even longer (half-sur- 
vival time, 22 days), suggesting ready exhaustion of a 
very small antibody pool. Relative to the studies con- 
ducted, this patient was regarded as possessing essen- 
tially no iso-antibody and as being suitable for passive 
immunization experiments. 
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Studies of the action of anti-D were conducted in one 
D-negative individual who had been specifically immu- 
nized against the D antigen at the Blood Grouping Lab- 
oratory, Boston, Mass., and in three elderly D-negative 
men who had no history of sensitization to the D antigen 
and whose sera contained no anti-D activity in vitro. 

Techniques involving donor red cells and antisera. In 
all studies of anti-B action, type B red cells from the same 
individual were employed. Passive sensitization with 
anti-B was carried out by injecting aliquots taken from 
a single frozen specimen of serum? containing anti-B 
obtained from an individual specifically hyperimmunized 
against the B antigen. In high concentrations in the 
presence of fresh serum complement, this serum hemo- 
lyzed type B red cells; in saline it agglutinated a 5 per 
cent suspension of red cells to a titer of 1/200, and ren- 
dered the cells agglutinable in  polyvinylpyrrolidone 
(PVP) to a titer of 1/800. 

In all studies of anti-D action, type D red cells from 
the same individual were employed. Passive sensitiza- 
tion of the three D-negative subjects was accomplished 
as described below, by injecting aliquots taken from a 
single frozen specimen of plasma containing high con- 
centrations of a nonagglutinating anti-D. This serum 
caused no agglutination of a 5 per cent suspension of 
type D red cells in saline at any concentration but ren- 
dered the cells agglutinable in PVP at antiserum dilu- 
tions of up to 1/16,000 and in Coombs serum at antiserum 
dilutions of up to 1/1,000. This anti-D serum was ob- 
tained from the same person who served as the actively 
immunized subject. 

Techniques involving Cr. In each experiment ap- 
proximately 25 ml of sterile whole donor blood was col- 
lected in siliconized screw-capped tubes containing 5 ml 
of acid citrate dextrose (ACD) solution. To each was 
added Cr™ of high specific activity (200 to 300 uc per ug) 
in the form of Na.Cr"O,* in amounts varying from 50 
uc, in the patient subjected to multiple studies, to 200 uc 
in the subjects studied only once. After 30 minutes’ 
gentle agitation at room temperature, the red cells were 
washed once in 10 to 15 volumes of sterile isotonic sa- 
line, were suspended in approximately 50 cent concen- 
tration in saline, a hematocrit reading was made, and an 
amount was injected which contained between 5 and 15 
ml of packed red cells. 

Peripheral blood from the injected subjects was ob- 
tained in a syringe containing one-tenth volume of 3 per 
cent sodium citrate. After mixing in test tubes, 3.0 ml 
samples were removed for the determination of whole 
blood radioactivity. The remainder of these blood speci- 
mens were centrifuged at approximately 2,000 G; the 
supernatant plasmia was removed and was respun at 2,000 
G before 3.0 ml samples were removed for measuring 
plasma radioactivity and plasma hemoglobin levels. Ra- 
dioactivity of these materials was measured in a well- 
type scintillation counter and suitable correction factors 


2 Generously provided by Dr. A. R. Jones of the Blood 
Grouping Laboratory, Boston, Mass. 
3 Abbott Laboratories, Chicago, III. 
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were applied for dilution of whole blood and of plasma by 
the anticoagulant. 

Body surface radioactivity over the heart, liver and 
spleen of each subject was measured periodically as previ- 
ously described (17). At the conclusion of each experi- 
ment a complete body scan was conducted seeking high 
concentrations of radioactivity in other areas. None such 
was found. 

Method of study in vivo. In each experiment involv- 
ing passive immunization the subject was first injected 
with the sample of Cr®-labeled, noncompatible red cells. 
For a period of 4 to 6 days the survival of these red 
cells and the subject’s body surface radioactivity were 
followed. Then an amount of antiserum against the 
labeled cells, calculated to provide a desired ratio of anti- 
body/red cells in the subject's circulation, was injected. 
During the subsequent several hours, numerous deter- 
minations of blood and corporeal radioactivity were made 
as illustrated in Figure 1. The acutely falling levels of 
red cell radioactivity after injection of antiserum were 
plotted on semilogarithmic paper, and the half-survival 
time was computed. The change in organ radioactivity 
was obtained by subtracting the relative radioactivity 
over each organ (17) just prior to antiserum injection 
from that measured after the cessation of the acute he- 
molytic process. The red cell trapping activity of the 
spleen relative to the liver (S/L) was then estimated 
by dividing the increment in splenic radioactivity by the 
increment in hepatic activity. An example of these cal- 
culations, as carried out in the experiment portrayed in 
Figure 1, is as follows: 


AS = Sa — Sp = 1.95-1.35 = 0.60 
AL = L, — Ly = 1.80-0.63 = 1.17 
S/L = AS/AL = 0.60/1.17 = 0.51 


where AS and AL =increments in splenic and hepatic 
radioactivity, respectively, S, and Ly»=ratio of radio- 
activity spleen/precordium and_ liver/precordium, re- 
spectively, just before the injection of antiserum. S, and 
L,=ratio of radioactivity spleen/precordium and liver/ 
precordium, respectively, after the cessation of the acute 
hemolytic process. 


Techniques applicable to studies in rats 


Subjects. The studies were made on large (400 to 500 
g) males from a Bartonella-free strain (Charles River 
C. D.) of Sprague-Dawley rat. 

Techniques involving donor red cells and antiserum. 
The rat red cells involved in each experiment were de- 
rived from fresh defibrinated blood obtained by cardiac 
puncture of normal animals of the same strain. Anti- 
serum against rat red cells was obtained from a single 
adult male New Zealand rabbit which had received 
monthly intraperitoneal injections of saline-washed rat 
red cells for 8 months. Freshly drawn, this serum when 
incubated at 37° C with equal volumes of 5 per cent red 
cells in normal rat serum caused hemolysis to a titer of 
1/100, agglutination to a titer of 1/100, and induced ag- 
glutinability in the presence of PVP to a titer of 1/8,000 
(Table II). After heating for 2 hours at 56° C, the 
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same antiserum in the presence of large volumes of fresh 
rat serum, caused hemolysis only when undiluted, ag- 
glutination to a titer of 1/100, and agglutinability in PVP 
to a titer of 1/8,000. All studies in vivo involved the 
use of aliquots taken from a single frozen specimen of 
this antiserum after it had been heated as described. 

Techniques involving Cr". Rat red cells were labeled 
by adding 20 to 30 wc of Cr™ as Na.Cr"O, per ml of de- 
fibrinated rat blood, and agitating gently for 30 minutes 
at room temperature. The blood was then centrifuged, 
the serum removed, and the red cells made up to 50 
per cent by volume in isotonic saline preparatory to the 
addition of antiserum (see below). 

Radioactivity in the circulating blood of rats was as- 
sessed on blood obtained from small terminal incisions in 
the rats’ tails. Two 0.1 ml samples were pipetted di- 
rectly from the tail wound into test tubes suitable for use 
in. a well-type scintillation counter. The first 0.1 ml 
sample was added to a tube containing 1.0 ml of hepari- 
nized water and was used to measure whole blood radio- 
activity. The second 0.1 ml sample was added to hepari- 
nized saline. This suspension was then centrifuged and 
the supernatant decanted into a second tube for the 
counting of plasma radioactivity. Red cell radioactivity 
was determined as the difference between whole blood 
and plasma radioactivity. 

The radioactivity of rat livers, spleens, lungs, kidneys, 
and femurs was also determined in a well-type scintilla- 
tion counter as described elsewhere (7). 

Method of study in vivo. To the saline suspension of 
Cr™-labeled rat red cells was added an equal volume of 
a predetermined dilution of antiserum. This mixture was 
incubated at 37° C with continuous gentle agitation for 1 
hour, whereupon it was centrifuged, the plasma discarded, 
and the cells made up to a 50 per cent suspension in fresh 
rat serum for injection. Each rat was injected by tail 
vein with 0.5 ml of labeled, antibody-treated red cells, 
and thereafter serial blood specimens were withdrawn by 
tail puncture. At approximately 2.5 hours the animals 
were sacrificed, and the various organs were weighed 
and counted. 

Peripheral blood radioactivity as a percentage of in- 
jected Cr™ was calculated from the product of the Cr®™ 
concentration and the estimated blood volume divided by 
the total injected dose. The blood volume in animals of 
this strain and size was shown by previous studies with 
Cr®-labeled normal red cells to be approximately 4.5 per 
cent of body weight. Organ radioactivity was calcu- 
lated both as a percentage of injected Cr™ and as the 
concentration of Cr™ per wet weight. 


Miscellaneous techniques 


The presence of frank agglutination of red cells was 
determined by adding 0.1 ml of cell suspension to 10 ml 
of saline and examining microscopically a drop of the 
suspension. Increased red cell agglutinability was deter- 
mined with PVP as described elsewhere (18). The 
presence of cell-adherent protein was determined by the 
technique of Coombs, Mourant and Race (19). Com- 
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TABLE I 


Influence of antibody/antigen ratio on the destruction of Cr*'-labeled, type B red cells by anti-B 
in a passively immunized patient with agammaglobulinemia 


Red cells 
injected Antiserum injected 


Effect of antiserum in vivo 


Days 
Chrono- af 
r 


Maximum 
plasma Cr* 
Sites of red cell 


t 
logical Initial ed Volume 
order of half- cell 

experi- Initial survival injec- 
ments volume time tion 


cells 


present cells 


er i Red cell destruction 
1 


sequestration* 
Peak 
time 


Rate injected 


11.9 
14.8 
9.3 
7.8 
5.0 


* As explained in the text, these figures are based on body surface radioactivity and are only relative, semiquantitative measurements, whereas 


the data from rats (Table V) are quantitative. 


plement fixation was determined in the usual manner 
(20), but employing the same rabbit serum-rat red cell 
system in the complement assay. 

Plasma hemoglobin levels were determined by the 
benzidine technique (21), using the same specimens em- 
ployed for measuring plasma radioactivity. 


RESULTS 


Anti-B, Five studies were carried out in the 
patient with agammaglobulinemia, and the data 
are presented in Table I. The chronological se- 
quence of these experiments, involving differing 
ratios of antiserum/red cells, was randomized. 
During the four to six days prior to the injection 
of anti-B serum, the Cr*'-labeled type B red cells 
injected into the patient were destroyed at a rela- 
tively slow, steady rate, with estimated half-sur- 
vival times of from 9 to 15 days. At the time of 
injection of the anti-serum, from 6.9 to 11.7 ml of 
red cells remained, except in the experiment in- 
volving a large dose of antiserum in which a 
smaller volume of cells was deliberately employed. 
When a very small amount of antiserum was em- 
ployed so that the estimated antiserum-red cell 
ratio in vivo was only 0.01, there followed a rapid 
disappearance of 23 per cent of the circulating red 
cell radioactivity, at the rate of 1.1 per cent of the 
injected cells per minute. There was no subse- 
quent rise in plasma hemoglobin or Cr*?. A small, 
definite rise in splenic radioactivity ensued, as- 
sociated with a barely perceptible rise in hepatic 
activity. A slightly larger volume of antiserum 
(0.02 ml per ml type B red cells), caused an acute 
fall of 40 per cent of the type B red cells at the 
rate of 3.7 per cent per minute. Again there was 
no rise in plasma levels of hemoglobin or Cr*?. 


A sharp rise in splenic radioactivity and a simul- 
taneous, somewhat smaller increase in hepatic ac- 
tivity were observed. The injection of 0.07 ml of 
antiserum per ml type B red cells eliminated 87 
per cent of the Cr°!-labeled red cells from the 
circulation, at the rate of 13.9 per cent per minute. 
This was associated with a very low level of Cr*? 
in the plasma with no definite point of maximal 
activity. In this experiment both spleen and liver 
radioactivity increased sharply and to about the 
same extent. The administration of 0.5 ml of 
antiserum per ml of type B red cells eliminated 
100 per cent of the red cell radioactivity from the 
patient’s circulation, at the rate of 34.7 per cent 
per minute. In this experiment (Figure 1) there 
followed a rise in plasma hemoglobin and of Cr**, 
the latter reaching a maximal level of 8.6 per 
cent of the injected dose 30 minutes after the in- 
jection of the antiserum. The rise in hepatic ra- 
dioactivity was about double that over the spleen. 
Within two minutes of the injection of a large 
volume of antiserum, 10 ml per ml of type B red 
cells, all of the injected Cr°' was found to be in 
the plasma, as was over 90 per cent of the injected 
red cell hemoglobin. Whereas none of the other 
experiments elicited symptoms from the patient, 
this hemolyzing dose of antiserum * caused facial 
flushing to occur, beginning two minutes after 
injection and lasting four or five minutes. About 
seven minutes after the antiserum injection, pain 
in the groins, thighs, and low back appeared, and 
persisted for four or five minutes. 

4 This association between intravascular hemolysis and 


immediate reactions to incompatible red cells has been 
described elsewhere (5). 
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THE DESTRUCTION OF RED CELLS BY ANTIBODIES 


The relation between the ratio of anti-B serum/ 
type B red cells and the relative trapping of type 
B red cell by spleen and liver is portrayed graph- 
ically in Figure 2. The largest and frankly hemo- 
lyzing dose of antiserum is not included in this 
figure. For comparison the ratio of spleen/liver 
radioactivity after the injection of type B cells 
into a type A subject, with approximately the 
same concentration of agglutinating anti-B anti- 
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bodies but lacking anti-B hemolysins, is included. 
In this instance the subject’s plasma volume was 
substituted for the volume of anti-B-containing 
serum. 

The effects of the anti-B serum upon type B 
red cells in vitro is compared with its effects in 
vivo in Table II. The suspending and diluting 
medium employed in vitro was the agamn.aglobu- 
linemic patient’s serum. Agglutination in serum, 
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EFFECT OF ANTI-B ON SEQUESTRATION OF TYPE B CELLS IN A TYPE 


A PATIENT WITH AGAMMAGLOBULINEMIA. After the injection of Cr™-la- 
beled type B red cells, splenic radioactivity became somewhat elevated and 


increased slightly during the four days before antiserum injection. 


When 


antiserum was injected, note the abrupt fall in circulating Cr*-labeled red 
cells followed by a slightly delayed rise in plasma radioactivity (upper por- 


tion of figure). 


With the injection of anti-B, splenic radioactivity and, to 


an even greater extent, hepatic radioactivity sharply increased and then re- 


mained stable (lower portion). 
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TABLE II 
Comparison of the effects of anti-B on type B red cells in vitro and in vivo 


Effects in vitro 


Effects in vivo 


Agglutination 


Sequestration 


anti-B serum jemol- 


Ratio type Bred cells ysis 


Spleen 


0.01 
0.02 
0.07 
0.59 
10.00 


2+ 


in plasma, and in PVP was assessed by suspending 
1 volume of packed, antibody-treated cells in 10 
volumes of the medium. The presence of “intra- 
vascular hemolysis” was judged on the basis of 
the appearance of hemoglobin and Cr*! in the 
plasma (Table I). 

Anti-D. Three individual studies were con- 
ducted on three different, D-negative subjects, not 
immunized against the D antigen (Table III). 
During the four to six days prior to the injection 
of anti-D, Cr¥-labeled type D red cells in these 
subjects appeared to survive normally, with no 
abnormal accumulation of radioactivity anywhere 
in the body. At the time of injection of the anti- 


serum, approximately 10 ml of circulating labeled 
red cells remained. When a relatively small vol- 
ume of antiserum was injected, so that the ratio 
of antiserum/type D red cells was 0.14, there was 
a delay of almost 30 minutes before an exponential 


decline of radioactivity commenced. The cells 
were then eliminated at a rate of 0.9 per cent 
per minute until all were gone. This was associ- 
ated with a marked increase in splenic radioac- 
tivity and almost no rise in hepatic activity. A 
maximum of only 1.3 per cent of the injected 
Cr+ appeared in the plasma almost two hours 


after the antiserum injection. A larger dose of 
anti-D, 2.7 volumes of antiserum per ml of type 
D red cells, caused a slightly more rapid clear- 
ance of the type D red cells so that 1.3 per cent 
was cleared per minute, with a maximum of 2.2 
per cent of the Cr°* accumulating in the plasma 
108 minutes later. In addition to a marked rise 
in splenic radioactivity, the hepatic activity in- 
creased moderately. With a still larger dose of 
anti-D, 13.34 ml of antiserum per ml of type D 
red cells, the red cell clearance was at a rate of 1.8 
per cent per minute and the maximal plasma Cr*? 
level of 4.0 per cent was reached in 95 minutes. 
In this study, hepatic activity was still higher, 
reaching almost half that of the spleen. 

The relation between the ratio of volume of 
anti-D serum/the volume of type D red cells and 
the distribution between spleen and liver of 
trapped type D cells is depicted in Figure 2. In 
addition two studies are included in which 10 ml 
of the same type D red cells were injected into 
the donor of the anti-D serum employed. In both 
studies the type D cells were cleared without de- 
lay at a rate of 3.8 per cent per minute, and a 
maximum of between 5 and 7 per cent of the 
radioactivity appeared in the plasma at about one 


TABLE III 


Influence of antibody-antigen ratio on the destruction of Cr*'-labeled type D red cells by anti-D 
in passively immunized D-negative subjects 


Red cells 


injected Antiserum injected 


Effect of antiserum in vivo 


Ratio 


Red cell destruction 


Maximum 
plasma Cr®# 
Sites of red cell 


anti- 
serum/ 

cells red 
present 


survival injec- 
time tion 


Initial 


volume cells 


sequestration 


Rate _ injected time 


ml days 
11.2 30 
11.5 28 
10.5 25 


0.14 
2.70 
13.34 
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ANTI-D 


ANTI-B 


RATIO OF RED CELL UPTAKE, SPLEEN/LIVER 
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1000 


Fic. 2. QUANTITATIVE COMPARISON OF THE ABILITY OF ANTI-B AND ANTI-D ANTIBODIES TO 
CAUSE SPLENIC OR HEPATIC SEQUESTRATION OF RED CELLS. In a patient with agammaglobulinemia 
given extremely small amounts of anti-B serum (black triangles) the relative trapping of Cr™- 
labeled type B red cells by spleen and liver resembled that produced by very large (several 
hundred times as much) amounts of anti-D serum with type D cells (black circles). The 
distribution of type B red cells injected into a type A recipient whose serum contained non- 
hemolyzing autogenous antibodies and an anti-B agglutinin titer comparable to that of the 
anti-B serum employed is depicted by the white triangles. The distribution of type D red cells 
injected on two different occasions into the D-negative donor of the anti-D serum employed 


above, is represented by the white circles. A log-log plot has been used. 


hour. In the first study the hepatic Cr°* uptake 
slightly exceeded that of the spleen (S/P= 
0.90) ; in the other the S/P ratio was only 0.65. 
One of these studies was included in a previous 
report (2). 

The effects of the anti-D serum used upon 
the type D red cells employed in these studies in 
vitro and in vivo are presented in Table IV. 
Normal serum was used as a suspending and di- 
luting medium in all titrations. 


Rabbit antibodies against rat red cells. The 


effect of adding to rat red cells various amounts of 
rabbit antiserum developed against rat red cells, 
upon their subsequent survival in vivo, is pre- 
sented in Table V. In none except the highest 
of the concentrations employed was there signifi- 
cant intravascular hemolysis, as judged by the 
uniformly low levels of radioactivity in the plasma 
and kidneys (15). The survival of the labeled 
red cells was curtailed in direct proportion to the 
amount of antibody employed. With relatively 
small amounts of antibody (0.17 to 0.33 ml rab- 


TABLE IV 


Comparison of the effects of anti-D on type D red cells in vitro and in vivo 


Effects in vitro 


Effects in vivo 


Agglutination 


Intra- 


vascular Sequestration 


anti-D serum Jemol- 


In 
type Dred cells ysis plasma 


Spleen Liver 


hemol- 
ysis 


0.01 
0.14 
2.70 
13.34 


Not studied 


100.0 
10.0 
1.0 
0.1 4 
0 0 i+ 3+ 1+ 
0 0 2+ 4+ 4+ 0 44 0-+ oe 
0 0 2+ 4+ 4+ 0 44 2+ = 
0 0 2+ 4+ 4+ 0 44 34 
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bit antiserum per ml rat red cells), the red cells 
were incompletely and relatively slowly destroyed 
and the spleen was the dominant sequestering or- 
gan. At higher antiserum concentrations, how- 
ever, in linear proportion to the quantity of 
antibody employed, trapping by the liver predomi- 
nated (upper portion of Figure 3). As por- 
trayed in the lower part of Figure 3, this pre- 
emption by the liver of red cell trapping at high 
antibody doses was due to the tendency of this 
relatively massive organ to approach (but not to 
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exceed) the spleen in trapping ability on a gram- 
for-gram basis. Figure 4 illustrates the fact that 
the sequestering activity of the spleen relative to 
that of the liver declined in linear proportion to 
the amount of antibody employed. 

In Table V the effects of the rabbit serum anti- 
,body employed upon rat red cells in vitro are 
compared with those observed in vivo. Analogous 
to the human studies, titrations were carried out 
in a normal fresh rat serum medium. It is ap- 
parent from Table V that even large amounts of 
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Fic. 3. THE EFFECT OF VARIOUS ANTIBODY/ANTIGEN RATIOS ON THE SEQUESTRATION IN VIVO 


OF RAT RED CELLS PREVIOUSLY TREATED IN VITRO WITH RABBIT ANTI-RAT RED CELL SERUM. 


In the 


upper portion of the figure it is evident that the total sequestration of Cr”-labeled red cells 


(“all tissues”) increased in proportion to the antiserum/red cell ratio. 


The total splenic uptake 


of Cr™ reached a maximum at an antiserum/red cell ratio of 0.33, when its ability to trap red 


ceils was over 20 times that of the liver, on a gram-for-gram basis (lower portion). 


With 


' larger amounts of antibody, the spleen and liver approximated each other in trapping ability 
per gram tissue (lower portion), and therefore the total liver uptake predominated. 
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RATIO CR® CONCENTRATION, SPLEEN/LIVER 


bd T r T T 


0.4 0.6 


RATIO 


ANTISERUM/RED CELLS 


Fic. 4. RELATIONSHIP BETWEEN ANTIBODY/ANTIGEN RATIOS AND THE SPLEEN/LIVER RATIOS IN RATS. 
Replotting the data from the lower portion of Figure 3 reveals that the extent of sequestration of anti- 
body-treated, Cr™-labeled, red cells by the spleen relative to the liver bears an inverse relationship to the 
amount of antibody present. 


this antibody failed to provoke any red cell se- DISCUSSION 

questration in the lungs or femur. The very low In general these studies support previous ob- 
levels of radioactivity in the lungs correlated with ovations (1, 2) to the effect that antibodies 
the levels of activity remaining in the peripheral hich bind to red cells without agglutinating or 
blood. Only when there was some evidence of hemolyzing them may cause a predominant trap- 
intravascular hemolysis, as indicated by plasma ping of the cells by the spleen. It is clear, how- 
radioactivity, was there any appreciable kidney ever, that this pattern is affected by quantitative 
radioactivity. factors. Thus in the experiments with anti-D, 


TABLE V 


The effects of rabbit anti-rat red cell serum in vitro and in vivo 


Effects in vitro Effects in vivo 


Red cell destruction Cr® uptake 
Agglutination — 
No. Per cent Intra- Spleen Liver 
Ratio antiserum In In_ destroyed vascular Lungs Femur Kidney 
rats rat red cells Hemolysis serum PVP in 2 hrs Rate hemolysis Total Total Total Total Total 


%o/min 
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an incomplete antibody, relatively small amounts 
of antibody produced a slow and quite selective 
splenic pattern of destruction, while increasing 
the amount of circulating antibody quickened the 
rate of sequestration and evoked sequestration by 
the liver as well. By extrapolation, as shown in 
Figure 2, it appears probable that the tendency 
of some highly immunized subjects to trap type 
D red cells in the liver as well as, or even some- 
what better than, in the spleen may reflect an ex- 
treme limit of this quantitative relationship. Thus 
the anti-D type of incomplete agglutinin may be 
considered to possess a certain range of effect 
on red cells, varying from a purely splenic se- 
questration, when small to moderately large 
amounts of antibody are involved, to a partially 
hepatic mechanism when very large amounts 
are present. 

The studies with anti-B, an agglutinating, 
complement-fixing, potentially lytic antibody, in- 
dicated that it, too, had a spectrum of activity in 
vivo, ranging in its effects, when given in nonlytic 
doses, from a predominantly splenic to a strongly 
hepatic pattern of sequestration. With this anti- 
body, however, splenic sequestration was less ac- 
tive than with anti-D, occurred over a rather nar- 
row range of antibody/antigen proportion, and 
was selective only at barely injurious antibody 
concentrations which were, indeed, undetectable 
by their effects in vitro.’ With small to moderate 
amounts of such antibody, a tendency for hepatic 
trapping to occur is manifest and predominates 
over a wide range of antibody-antigen ratios, un- 
til actual intravascular hemolysis is encountered. 
As shown in Figure 2 this relationship can be ex- 
trapolated to include, at the extreme, data on the 
actively immunized subject whose plasma con- 
tained a relative infinity of nonhemolytic agglu- 
tinating anti-B antibody. The spectrum of action 
in vivo of the potentially lytic and agglutinating 
antibody (anti-B), may, through quantitative 
variation, overlap the spectrum of action of the in- 


5 Presumably the lowest anti-B level was provided by 
the patient with agammaglobulinemia herself, prior to 
the present studies, when, despite lack of detectable 
antibody in vitro, she sequestered type B cells slowly, 
over several days, in the spleen. That splenic sequestra- 
tion of normal red cells on an immune basis may occur 
despite the absence of incompatibility in vitro has been 
previously reported (22) and confirmed (23, 24). 
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complete agglutinin (anti-D). On the other hand, 
if one may assume that the antibody concentration 
(anti-D or anti-B) in these hyperimmune sera 
differs by only a fewfold, it can be estimated from 
Figure 2 that several hundred times as much 
anti-D is required to mimic a given, small amount 
of anti-B in its effects in vivo. 

With the volume of red cells employed, trap- 
ping by anti-D always led to a small, but detecta- 
ble, rise in plasma Cr** and hemoglobin, as previ- 
ously reported (2). Similarly the hepatic seques- 
tration of 5.1 ml of type B red cells by anti-B led 
to a delayed rise in plasma Cr** and hemoglobin, 
reaching a peak 30 minutes after antiserum in- 
jection. On the other hand, the sequestration of 
5.9 and 6.0 ml of red cells by smaller amounts of 
anti-B antibody in Experiments 5 and 2, respec- 
tively, caused essentially no rise in plasma hemo- 
globin, although the rate of sequestration was 
rapid (as compared to anti-D) and the sequestra- 
tion was permanent. A similar absence of plasma 
hemoglobin despite rapid, permanent sequestra- 
tion, has been observed with autogenous red cells 
previously incubated at 37° C for 48 hours (5). 
Therefore, contrary to previous deductions (2), 
it may be that any significant rise in plasma hemo- 
globin during immune hemolysis may reflect the 
action of complement or complement-like intra- 
vascular substances. 

The studies in rats involved the use of a heter- 
ologous antiserum, which after heating contained 
only a small amount of lytic antibody (even in the 
presence of large volumes of fresh rat serum), a 
moderate concentration of agglutinin, and a high 
concentration of an incomplete agglutinin. The 
pattern of destruction in vivo of red cells pre- 
treated with such antiserum in vitro was markedly 
influenced by the quantity of the antiserum em- 
ployed. Thus, small amounts of antibody, suffi- 
cient to destroy only partially the treated red 
cells, caused a slow (1.1 per cent per minute), 
predominantly splenic trapping. As larger and 
larger amounts of antibody were employed, the 
liver, in direct linear proportion, assumed the 
greater role. Thus, at a serum/red cell ratio of 
1.0, the liver accounted for about 80 per cent of 
the sequestered red cells, and, as in the anti-B 
experiments, a red cell clearance rate of about 
35 per cent per minute was attained. It is ap- 
parent from an examination of Figure 3 and Table 
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IV that the liver assumed the major role in red 
cell destruction by pre-emption rather than by 
simply receiving the overflow from a “saturated” 
spleen. Finally, with large, lytic volumes of anti- 
serum actual intravascular hemolysis was evident 
and radioactivity, presumably radioactive hemo- 
globin, accumulated for the first time in the kid- 
ney. This spectrum of hemolytic activity of rab- 
bit antibody in rats closely paralleled that of 
anti-B in man (compare Tables I and V). Thus, 
in these studies in rats the same antibody, or 
mixture of antibodies, was capable of causing 
three distinct patterns of hemolysis: 7) a slow, 
incomplete trapping of red cells in the spleen; 2) 
a rapid, complete sequestration, chiefly in the liver ; 
and 3) an intravascular lysis with deposition of 
hemoglobin throughout the  reticuloendothelial 
system and with spillage into the kidneys. Al- 
though previous studies in dogs had indicated that 
red cells coarsely agglutinated by metallic cations 
may lodge in the lungs (2), in the present stud- 
ies the lungs were devoid of red cell trapping ac- 
tivity, regardless of the intensity of agglutination 
of the injected red cells; nor was there evidence 
of hemoglobin uptake by the lungs. Furthermore, 
pulmonary sequestration of red cells, apart from 
extravasations into the alveoli, as in essential 
pulmonary hemosiderosis (25), has not been ob- 
served experimentally or clinically in man. Thus 
it appears that the reticuloendothelial tissue of the 
lungs seldom, if ever, participates in hemolytic 
mechanisms. 

The mechanisms by which antibody-injured red 
cells are sequestered are still in doubt. There is 
reasonably good, but necessarily indirect, evi- 
dence that incomplete agglutinins destroy red cells 
by rendering them agglutinable in the presence of 
fibrinogen and other anisometric macromolecules 
in vivo (2, 18), which in turn leads to their low 
pressure filtration (26) by the spleen. Although 
it has been postulated that frankly agglutinating 
antibodies, such as anti-B, cause hepatic trapping 
by causing large, firm agglutinates which are also 
filterable by the relatively large liver sinusoids 
(2), the extensive, comparative studies of human 
iso-antibodies by Cutbush and Mollison (12, 13, 
27) indicate that those antibodies which bind com- 
plement, without producing frank agglutination 
in vitro, also cause a rapid (probably hepatic) pat- 
tern of red cell destruction. Thus, in the present 


1155 


studies, some hepatic sequestration was observed 
at antibody concentrations which caused little or 
no agglutination in vitro. However, hepatic up- 
take of red cells was not pronounced until ag- 
glutinating amounts of antibody were employed. 
It appears that the liver may partially participate 
in red cell trapping, in a “spleen-like” fashion, 
either in the splenectomized subject (2) or in the 
presence of a vast excess of incomplete agglutinin, 
but that a purely hepatic pattern of destruction 
usually commences with, or is coincident with, 
actual red cell agglutination demonstrable in vitro. 
Whether the prime mechanism of hepatic seques- 
tration involves a simple physical filtration of lat- 
tice-forming red cell agglutinates (26), possibly 
involving “uncoated” red cells (28), or a surface 
adherence to fixed macrophages, is yet to be de- 
termined. 


SUMMARY 


The influence of antibody/antigen proportions 
on the kinetics of red cell destruction were studied 
in man and in rats. 

The effects of anti-B iso-antibody were studied 
by passively immunizing an agammaglobulinemic 
patient with various amounts of anti-B serum and 
observing the pattern of destruction of a given 
amount of type B red cells. A spectrum of ef- 
fects was observed, ranging from a slow partial 
trapping by the spleen with small doses to a brisk 
hepatic trapping with large doses, while still 
larger doses caused intravascular hemolysis. 

The effects of incomplete anti-D iso-antibody 
were studied by passively immunizing each of sev- 
eral D-negative subjects with various amounts 
of anti-D serum and observing their effect upon 
given amounts of type D red cells. Although 
small and moderate amounts of antibody caused 
a mainly splenic pattern of destruction, large 
amounts caused a moderate hepatic uptake and 
were similar in their effects to very small amounts 
of anti-B antibody. 

Studies on rats employing a rabbit antibody 
against rat red cells indicated a spectrum of ac- 
tion similar to that of anti-B in man: a slow, in- 
complete sequestration by the spleen occurred 
when small amounts of antibody were employed; 
a rapid, largely hepatic sequestration occurred 
with larger amounts ; and with still larger amounts, 
intravascular lysis was seen, with hemoglobin 
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deposition in the liver, spleen and kidney. The 
lungs and bone marrow did not participate in the 
sequestration process at any dose of antibody. 

Although the kinetics of red cell destruction in 
vivo by complete and by incomplete agglutinins 
ordinarily differ, the differences are modified by 
purely quantitative factors. 
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For years investigators have sought an assay 
for insulin which would combine virtually absolute 
specificity with a high degree of sensitivity, suffi- 
ciently exquisite for measurement of the minute 
insulin concentrations usually present in the cir- 
culation. Methods in use recently depend on the 
ability of insulin to exert an effect on the metabo- 
lism of glucose in vivo or in excised muscle 
or adipose tissue. Thus, the insulin concen- 
tration in plasma has been estimated: a) from the 
degree of hypoglycemia produced in hypophysec- 
tomized, adrenalectomized, alloxan-diabetic rats 
(1); 6) from the augmentation of glucose uptake 
by isolated rat hemidiaphragm (2); or c) from 
the increased oxidation of glucose-1-C'* by the 
rat epididymal fat pad (3). Since there have 
been reports indicating the presence, in plasma, 
of inhibitors of insulin action (4) and of non- 
insulin substances capable of inducing an insulin- 
like effect (5, 6), these procedures, while yielding 
interesting information regarding the effects of 
various plasmas on glucose metabolism in tissues, 
are of doubtful specificity for the measurement of 
insulin per se (5). 

Recently it has been shown (7, 8) that insulins 
from various species (pork, beef, horse and sheep) 
show quantitative differences in reaction and 
cross reaction with antisera obtained from human 
subjects treated with commercial insulin prepara- 
tions (beef, pork insulin mixtures). An immuno- 
assay method for beef insulin has been reported 
in which the insulin content is determined from 
the degree of competitive inhibition which the in- 
sulin offers to the binding of beef insulin-I*** by 
human antisera (9-12). Although human insu- 
lin reacts with human antibeef, pork insulin anti- 
serum and displaces beef insulin-I'*t by competi- 
tive inhibition (7, 8, 10), the reaction is too weak 
to permit measurement of the low insulin concen- 
trations present in human plasma (7, 8, 11-13). 
In preliminary communications we have reported 
that the competitive inhibition by human insulin 
of binding of crystalline beef insulin-I'*! to guinea 


pig antibeef insulin antibodies is sufficiently 
marked to permit measurement of plasma insulin 
in man (11, 12, 14), and to be capable of detecting 
as little as a fraction of a microunit of human 
insulin (12, 14). Preliminary data on insulin con- 
centrations in man before and after glucose load- 
ing have been reported (12, 14, 15). The present 
communication describes in detail the methods 
employed in the immunoassay of endogenous in- 
sulin in the plasma of man, and reports plasma 
insulin concentrations during glucose tolerance 
tests in nondiabetic and in early diabetic subjects 
and plasma insulin concentrations in subjects with 
functioning islet cell tumors or leucine-sensitive 
hypoglycemia. 


METHODS 


Immunization of guinea pigs. Guinea pigs were in- 
jected subcutaneously at 1 to 4 week intervals with 5 to 
10 units of either protamine zinc beef insulin (Squibb) 
or commercial regular beef insulin (Squibb) emulsified 
with mannide mono-oleate. Insulin-binding antibodies 
were detected in all animals after 2 to 3 injections. The 
antiserum employed in the present study (GP 49, serum 
6-25-59) was obtained from a guinea pig immunized 
with protamine zinc beef insulin without adjuvant and 
was selected for its relatively high antibody concentration 
and other suitable characteristics described below. 

Preparation of insulin-I’™". Because of the desirability 
of keeping the concentration of added insulin-I™ as low 
as possible and yet assuring an adequate counting rate, 
it is necessary to prepare the insulin-I™ with a high 
specific activity. The lots of insulin-I’* employed in this 
study had specific activities of 75 to 300 mc per mg at 
the time of use. The preparation of such highly labeled 
preparations entails difficulties not encountered when the 
specific activity is very much lower. The Newerly modi- 
fication (16) of the Pressman-Eisen method (17) was 
used for labeling with several further modifications de- 
signed to increase specific activity and to minimize dam- 
age to the insulin from irradiation and other causes. 
To approximately 0.3 ml chloroform in a 50 ml separa- 
tory funnel are added in turn, 0.2 ml of 2.5 N HCl, 20 
ul of 10° M KI, 30 to 80 mc I™ (as iodide) and 1 drop 
of 1 M NaNO,. Immediately after addition of the last 
reagent, the funnel is stoppered to prevent loss of I™ into 
the atmosphere and is shaken vigorously for 2 to 3 
minutes. The chloroform layer (bottom) is then drawn 
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Fic. 1. PurtFicaAtioN OF DAMAGED INSULIN-I™ By 
CELLULOSE COLUMN ApsorPTION. Top: Chromato-elec- 
trophoretograms of beef insulin-I™, with specific ac- 
tivity about 300 mc per mg, after 30 minutes’ dialysis. 
Bottom: Same preparation after elution from cellulose 
column with control (nonimmune) plasma. At signifi- 
cantly lower specific activities the preparations appear as 
in the bottom figure without purification. 


into a test tube beneath a layer of a few drops of water 
(to prevent loss of I into the air) and assayed for 
radioactivity in any low-sensitivity counting device. If 
much less than one-half of the starting radioactivity has 
been extracted, a second extraction with 0.2 to 0.3 ml 
chloroform is performed. The total amount of chloro- 
form should be kept as small as possible to facilitate 
the subsequent extraction of iodine into the aqueous pro- 
tein solution. The volume of the aqueous phase in the 
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separatory funnel also should be kept small to favor the 
initial extraction of iodine into the chloroform. The 
chloroform-iodine mixture is added to 0.5 ml of 0.2 M 
borate buffer, pH 8, containing 20 wg of crystalline beef 
insulin in a 50 ml centrifuge tube, which provides for a 
broad interface between the two phases. The tube is 
shaken briskly but not violently for not more than 2 to 3 
minutes following which an additional 1.0 ml borate buf- 
fer is mixed into the contents. A barely visible floccu- 
late appears occasionally and should be allowed to settle, 
whereupon the top 0.5 ml (one-third of total) of the 
water phase is quickly removed and dialyzed against 2 L 
of distilled water.1 Owing to the high concentration of 
radioactivity and low concentration of protein, the in- 
sulin is very susceptible to radiation damage (18, 19) ; 
therefore, exposure to I at this stage should be as brief 
as possible, not more than 5 to 10 minutes elapsing be- 
tween addition of I to the insulin and the start of 
dialysis. Of the total radioactivity in the dialysis bag, 
approximately 65 to 80 per cent represents unbound I” 
which is reduced to less than 1 per cent of the I bound 
to insulin after 2 hours of dialysis. Between 20 and 60 
per cent of the insulin-I™ is adsorbed to the dialysis 
membrane during this time so that the procedure yields 
approximately 3 to 5 ug insulin labeled with about 1.0 to 
2.0 mc I*. Considerable sacrifices in total yield are 
made to expedite the procuring of a highly labeled prepa- 
ration which usually contains no more than 4 to 6 per 
cent damaged components. We have the impression that 
the addition of 107 M KI or phenol (as radical scaven- 
gers) to the dialyzing solution may help to minimize 
radiation damage, but this has been difficult to establish 
since other factors are also responsible for damage to the 
protein during the procedure. Distilled water is used in 
the last dialysis following which 1 drop of human se- 
rum albumin (250 mg per ml) is added to the insulin-I™ 
solution to prevent losses of labeled insulin by adsorp- 
tion to glassware (20, 21) and to minimize any further 
irradiation damage (18, 19). Solutions are kept frozen 
when not in use. 

If the insulin-I™ solution is surveyed for radioactivity 
at completion of dialysis, the specific activity of the in- 
sulin-I™ may be estimated approximately. If the yield 
of labeled insulin has been sufficient to produce a specific 
activity in excess of 150 mc per mg, it can be anticipated 
that damage will be significantly in excess of 4 to 6 per 
cent, and at 300 mc per mg may be as great as 15 to 18 
per cent. It is then necessary to effect partial purification 
of the insulin-I™. Since the damaged components do not 
adsorb to paper but are observed to migrate with serum 
proteins on paper strip chromatography or electrophore- 
sis (22), it is possible to use a cellulose column for the 
purification procedure as follows: The dialyzed insulin-I™ 
solution is added to 0.1 ml control (nonimmune) serum 
and the mixture is then passed through a column packed 


1 Removal of unbound iodide™ by anionic exchange 
resins is usually unsatisfactory because much of the in- 
sulin-I™ at this low concentration is lost by adsorption 
to the resin. 
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with a cellulose powder 2 about 1 ml in volume following 
which the column is washed 3 or 4 times with 1 ml of 
veronal buffer, 0.1 ionic strength. Most of the damaged 
components pass through the column with the serum 
while the undamaged insulin remains adsorbed to the 
cellulose in the column and can now be eluted slowly with 
undiluted control serum or plasma. Usually 3 to 4 elu- 
ates (each 0.5 ml of plasma) are collected and diluted 
immediately 1:20 to 1: 100 with veronal buffer contain- 
ing 0.025 per cent serum albumin to prevent further dam- 
age to the insulin by the concentrated plasma. Although 
the elution of insulin-I from the column is far from 
complete, adequate amounts are obtained for almost any 
number of insulin assays. Most of the damaged fraction 
is removed by this procedure (Figure 1). 

Principles of immunoassay. The basis of the tech- 
nique resides in the ability of human insulin to react 
strongly with the insulin-binding antibodies present in 
guinea pig antibeef insulin serum (11, 12, 14), and by so 
doing, to inhibit competitively the binding of crystalline 
beef insulin-I™ to antibody. The assay of human insulin 
in unknown solutions is accomplished by comparison with 
known concentrations of human insulin. The use of 
I*"-labeled animal insulin as a tracer is necessitated by 
the lack of a crystalline preparation of human insulin. 

The determination of antibody-bound insulin-I and 
free insulin-I™ by paper chromato-electrophoresis has 
been described previously (22). Briefly, the separation 
of antibody-bound insulin from unbound insulin in ‘plasma 
results from the adsorption of all free insulin (when 
present in amounts less than 1 to 5 wg) to the paper 
at the site of application (“origin”), while the antibody- 
bound insulin migrates toward the anode with the inter- 
B-y-globulins. Thus, in the presence of insulin-I™ 
there appear two separate peaks of radioactivity; meas- 
urement of the areas beneath the two peaks (by plani- 
metry) yields the relative proportion of bound insulin-I™ 
(migrating with serum globulins) and free insulin-I™ 
(remaining at origin). The ratio of bound insulin-1 
to free insulin-I™ (B/F) is a function of the concen- 
tration of insulin-binding antibodies, of both insulin con- 
centrations, and of the characteristic kinetic and thermo- 
dynamic constants for the reactions between the insulins 
and the particular antiserum (23). Selection of an anti- 
serum for purposes of this assay is determined primarily 
by the desirability of obtaining a relatively marked de- 
crease in B/F ratio with small increments in the con- 
centration of human insulin. Although the antibody 
concentration is of only secondary importance, it should 
be high enough to permit at least 1: 100 dilution of the 
antiserum (preferably 1: 1,000 dilution or greater). On 
the basis of preliminary tests the antiserum is diluted 
appropriately to yield an initial B/F ratio between 2 
and 4 for tracer beef insulin-I™ alone, in the absence of 
added human insulin. Provided that the amount of the 
beef insulin-I™ used is truly a tracer quantity, the initial 
B/F ratio is inversely proportional to the dilution factor 


2 Genuine Whatman Cellulose Powder, W & R Balston 
Ltd., England. 


IMMUNOASSAY OF ENDOGENOUS PLASMA INSULIN IN MAN 


1159 


(23). In the presence of human insulin, the B/F ratio 
decreases progressively with increase in insulin concen- 
tration; with sensitive antisera the B/F ratio is reduced 
by about 50 per cent in the presence of 15 wU per ml hu- 
man insulin. 

Standard curves. Two preparations of human insulin 
were employed as standards. The first (“Tietze human 
insulin”)? is reported (24) to have a potency of 1.8 U 
per mg crude preparation; the second (“Fisher human 
insulin”) ,3 was assayed at 6.8 U per mg in 1956 (25), 
but it was believed that the activity of the latter prepara- 
tion might have decreased slightly since its initial prepa- 
ration (25). A tentative value of 6 U per mg for the 
Fisher insulin was assigned. However, since a value 
as low as 22 U per mg could be placed on a crystalline 
sample of the latter preparation (25), whereas the Tietze 
insulin was assayed relative to a standard of 27 to 
29 U per mg, we have regarded the Tietze crude insu- 
lin preparation as 1.8/28 x 100=6.45 per cent pure in- 
sulin by weight, and the Fisher insulin powder prepara- 
tion as 6/22 X 100 = 28.2 per cent pure insulin by weight. 
When compared on this basis, no consistent differences 
in potencies of the two preparations were observed in 
the immunoassay procedure and the value of 6 U per mg 
for the Fisher preparation was accepted as the correct 
value. Since the Fisher preparation is the more highly 
purified, it, was employed as standard in most of the 
studies. 

All dilutions of insulin and antiserum are prepared 
in 0.1 ionic strength veronal buffer containing 0.25 per 
cent human serum albumin to prevent adsorption of reac- 
tants to glassware. (There is no detectable insulin in 
commercial supplies of human serum albumin.) Stand- 
ard solutions each contain identical concentrations of 
tracer beef insulin-I™ (about 0.05 to 0.15 mug per ml but 
differing in different runs) and antiserum, but varying 
concentrations of human insulin ranging from 0.05 
to 5.0 mug per ml (calculated as “pure” human _ in- 
sulin). The antiserum is added last in all cases. Mix- 
tures are refrigerated at 4° C for 4 days. These condi- 
tions provide sufficient time to reach equilibrium between 
bound and free insulin. The mixtures are then subjected 
to chromato-electrophoresis (22) in a cold room at 4° C 
(Whatman 3 MM paper, veronal buffer, 0.1 ionic 
strength, pH 8.6, constant voltage 20 to 25 v per cm, 
cover of apparatus open), which produces a satisfactory 
separation of the peaks of bound and free insulin-I™ in 
about 1 to 1.5 hours. Earlier immunoassays (10) were 
performed after prolonged incubation at 37° C. How- 
ever, it has since been shown (23) that the standard free 
energy change of the reaction in the direction of antigen- 
antibody complex formation is increased considerably at 
4° C, which results in an approximately twofold greater 
slope in the B/F versus insulin concentration curves at 
low insulin concentrations. Just prior to chromato- 


3 We are greatly indebted to Dr. F. Tietze of the Na- 
tional Institutes of Health and Dr. A. M. Fisher of the 
Connaught Laboratories, Toronto, Canada, for these 
preparations. 
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electrophoresis, control (nonimmune) guinea pig plasma 
is added to the mixtures to prevent trailing of antibody- 
bound insulin on the paper strips, since the very low 
concentrations of serum proteins in these mixtures are 
insufficient in themselves to prevent adsorption of the 
serum proteins (including antibody) to the paper. 

The chromato-electrophoretograms are developed un- 
til the albumin band has moved about 2.5 to 3 inches 
from the origin, which, under the conditions employed 
here, usually takes about an hour. The peak of antibody- 
bound insulin-I™ moves about 2.25 inches under these 
conditions. The use of several large boxes, each with a 
capacity for 16 strips, makes it possible to run 250 to 300 
strips a day. After drying, the strips are assayed for 
radioactivity in an automatic strip counter (Figure 2A). 
A “standard curve” is obtained by plotting the B/F ra- 
tio 2s a function of the concentration of added human 
insulin (Figure 2B) after correction for damaged com- 
ponents of insulin-I™. From 3 to 6 per cent of the in- 
sulin-I* was damaged after final preparation of the lots 
employed in this study. These damaged components 
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migrate nonspecifically with the serum proteins, pri- 
marily with the a-globulins (22), and are demonstrably 
not available for binding by antibody. The short run 
chromato-electrophoresis does not resolve the serum pro- 
teins well enough to distinguish between antibody-bound 
insulin-I™ and damaged insulin-I™ so that the damaged 
fraction is determined by using either control (nonimmune) 
plasma, or antiserum whose binding capacity for undam- 
aged insulin-I™ is completely saturated with beef insulin. 
Since the antiserum used here has a maximal beef insu- 
lin-binding capacity of about 1 mug per ml at the dilu- 
tions employed, it has been general practice to include 
one or more samples made up with 1 to 4 wg per ml 
beef insulin for the purpose of determining the damaged 
fraction. Damaged insulin-I™ migrating with serum 
proteins is corrected for by subtracting the fraction dam- 
aged from the total area in the chromato-electrophoreto- 
gram. The area under the free insulin peak is then di- 
vided by the corrected total area to yield the fraction of 
free insulin. The fraction “bound insulin” is then 1.00 
minus the fraction “free insulin.” 
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It is evident that variation in the volumes of solution 
applied to the paper strips is of no consequence. Gen- 
erally 100 to 200 ul is applied, the larger volume per- 
mitting use of a smaller quantity of tracer beef insulin-I™ 
for the same counting rate. 

Assay of insulin in plasma. Mixtures containing un- 
known samples are prepared at the same time and in the 
same way as are standard solutions except that the 
unknown sample is substituted for the human insulin. 
Plasma insulin is best determined in a 1:10 final dilu- 
tion unless the insulin concentration is unusually high; 
then a 1:20 or 1:40 dilution may be used. Mixtures 
may be made up to any desired volume. However, since 
only 100 to 200 ul is applied to the paper strips, it is 
convenient to prepare all mixtures in 0.2 or 0.5 ml vol- 
umes containing 20 or 50 ul of plasma, respectively. 

Since insulin may be damaged by plasma during incuba- 
tion (22), an effect which is more marked in concentrated 
plasma than in diluted plasma, and at 37° rather than 
at 4° C,4 it is advisable to run a control mixture with 
unknown plasma but without antiserum to correct for 
“incubation damage.’ However, at 1:10 dilution of 
plasma after 4 days at 4° C, incubation damage amounts 
only to 0 to 3 per cent, an observation which contributed 
to the selection of these conditions. Therefore, only a 
negligible additional correction for damage is required 
in the plasma samples. 

The insulin concentration in each plasma sample is de- 
termined from the standard curve by referring to the 
insulin concentration which corresponds to the corrected 
B/F ratio observed in the plasma sample (10-12, 14, 15). 

Subjects for glucose tolerance tests. Subjects were 
chosen at random from patients sent to the general lab- 
oratory for glucose tolerance tests and from known dia- 
betic and apparently nondiabetic patients on the wards 
of the Veterans Administration Hospital, Bronx, N. Y. 
Patients who had ever been treated with insulin were 
excluded from this study in order to obviate effects of 
antibodies in their own serum (22). Other than the ex- 
ception noted below, subjects were classified as diabetic 
or nondiabetic on the basis of the following criteria ap- 
plied to the 2-hour blood sugar curve following oral 
ingestion of 100 g of glucose: diabetic—a peak blood sugar 
concentration of 180 mg per 100 ml or greater, and a 2- 
hour blood sugar concentration of 120 mg per 100 ml or 
greater; nondiabetic—a peak blood sugar concentration 
not exceeding 160 mg per 100 ml, and 2-hour level no 
more than 120 mg per 100 ml. One subject with marginal 
ulcer and a dumping syndrome, with a blood sugar con- 
centration of 286 mg per 100 ml at 0.5 hour falling to 
134 mg per 100 ml at 1 hour and 44 mg per 100 ml at 2 
hours, is included in this group. Because of the ex- 
clusion of insulin-treated patients, only mild or early 
maturity-onset diabetes is represented in the diabetic 
group. Subjects who did not qualify by these criteria for 


*For this reason plasma is separated in a refrigerated 
centrifuge immediately after withdrawal of blood and is 
used immediately or kept frozen until used in order to 
minimize loss of the endogenous insulin present. 
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either group are considered in an “undetermined status.” 
The criteria employed are modified from those suggested 
by Fajans and Conn (26) and are designed to eliminate 
questionable cases from diabetic and nondiabetic cate- 
gories. 

All subjects were to have fasted for 14 hours prior to 
the glucose tolerance test, but from the fasting blood 
sugar concentration in one subject (Ri) it is suspected 
that this restriction was not observed in his case. All 
subjects were to have consumed a diet containing at least 
300 g carbohydrate per day for 3 days preceding the glu- 
cose tolerance test, but there is no assurance that this 
regimen was followed in all cases. Blood samples were 
obtained in the fasting state immediately before, and 
0.5 hour, 1 hour and 2 hours following glucose feeding. 
In a small group of cases an additional 50 g glucose was 
administered at 1.5, 2 and 2.5 hours, and blood collec- 
tions were continued to 3 hours. 

Blood sugar determinations were determined according 
to the method of Somogyi (27). 


RESULTS 


Standard curves. Several representative stand- 
ard curves are shown in Figure 3. The amount 
of insulin-I*** employed as tracer varied somewhat 
from experiment to experiment. In the experi- 
ments shown in Figure 4, the effects of Tietze and 
Fisher insulins are compared with each other and 
with the effect of crystalline beef insulin. As in 
other experiments no significant differences be- 
tween the two human insulin preparations were 
observed. Since 100 to 200 pl of solution was as- 
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EXPERIMENT 7-2-59 
GUINEA PIG 49 
16000 DILUTION OF ANTISERUM 


BEEF INSULIN 1'3! 


8 


“TIETZE” CONCENTRATION 


HUMAN INSULIN 


EXPERIMENT 7-27-59 
GUINEA PIG 49 
1°4000 DILUTION OF ANTISERUM 


BEEF INSULIN 


& 


Smyg/mi 


4 
"2 140 microunits /mi 


“TIETZE” HUMAN INSULIN CONCENTRATION 


EXPERIMENT 9-17-59 
GUINEA PIG 49. 
156000 DILUTION OF ANTISERUM 


BEEF INSULIN - 


& 


5 myg/mi 
140 microunits /mi 


“FISHER” HUMAN INSULIN CONCENTRATION 


EXPERIMENT 
GUINEA PIG 49 
16000 DILUTION OF ANTISERUM 


nN 


BEEF INSULIN 


8 


4 


2 3 a Smug /mi 
64 140 microunits /mi 


“FISHER” HUMAN INSULIN CONCENTRATION 


Fic. 3. STanparD curves: B/F (BEEF INSULIN-I™) RATIO AS A FUNCTION OF THE CONCENTRATION OF TIETZE 
or FISHER HUMAN INSULIN. 


sayed, less than 1 »U of human insulin was readily 

detectable with this antiserum. At low insulin 

concentrations, random variations in B/F pro- 

duce only small errors in the absolute quantity of 

insulin but the percentage error is high; con- 

versely, at high insulin concentrations the absolute 
EXPERIMENT 8-28-59 


GUINEA PIG 49 
1:6000 DILUTION OF ANTISERUM 


“FISHER” HUMAN INSULIN 
THETZE” HUMAN INSULIN 
CRYSTALLINE BEEF INSULIN 


BEEF INSULIN 


4 5 mug/mi 
"2 140 microunits /mi 


84 
INSULIN CONCENTRATION 


Fic. 4. COMPARISON OF THE EFFECTIVENESS OF VARIOUS 
CONCENTRATIONS OF TIETZE AND FISHER HUMAN INSU- 
LINS AND CRYSTALLINE BEEF INSULIN IN REDUCING THE 
B/F RATIO FOR BEEF INSULIN-I™, 


error is likely to be higher but the percentage er- 
ror lower. By increasing the dilution of the anti- 
serum, the entire concentration range is easily 
scaled down by a factor of 2 or 3 and the limit of 
sensitivity increased to about 0.1 to 0.2 »U of in- 
sulin. However, the conditions employed are 
suitable for determination over the 50- to 100-fold 
range of insulin concentrations ordinarily en- 
countered in man. 

It is evident that beef insulin reacts about two 
to four times more strongly (depending on the 
insulin concentration employed) with the guinea 
pig antibeef insulin serum than does human in- 
sulin (Figure 4). Other guinea pig antisera to 
beef insulin have shown even greater differences 
in reaction of beef insulin and human insulin. 
On this account beef insulin cannot be used as a 
standard for the assay of human insulin in the 
guinea pig antibeef insulin system. Because of 
the differences in reactivity of human and beef 
insulin, differences in the specific activity of the 
beef insulin-I'** preparations result in different 
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| DUPLICATE 
DETERMINATIONS 


INSULIN MEASURED - MICROUNITS/ML 


TOTAL HUMAN 


~_JENDOGENOUS 
TINSULIN PRESENT 
4 


4 4 4 4 


20 40 60 
HUMAN INSULIN ADDED IN VITRO 
MICROUNITS/ ML 


Fic. 5. A: RECOVERY OF HUMAN INSULIN ADDED IN 
VITRO TO A FASTING PLASMA SAMPLE. Endogenous in- 
sulin concentration in undiluted plasma was 48 wU per 
ml. All assays were performed in 1:10 dilution of 
plasma. 


initial B/F values and somewhat differently 
shaped curves even at the same dilution of anti- 
serum if approximately the same radioactivity 
(and therefore different amounts of beef insulin) 
is used. These differences could be abolished if 
each lot of beef insulin-I'*t were assayed for its 
beef insulin concentration and if the same amount 
of beef insulin were employed, independent of its 
content of radioactivity. However, it is more ex- 
pedient to include a standard curve with human 
insulin for each run of unknowns. When 250 or 
more unknown samples have been run in a single 


3 8 3 


Human Insulin Concentration-microunits 


Dilution of Plasma 


20 110 


Insulin Concentration - microunits/ml 


Human 


TABLE I 
Effect of cysteine on endogenous plasma insulin* 


Insulin concentration 


Sample 
incubated 
with 


Control 
sample 
incubated 
and dia- cysteine 
lyzed with- and di- 
out cysteine alyzed 


Original 
plasma 
before 

. incuba- 

tion and 
dialysis 


Plasma 


Subj. sample 


/mli 
324 
337 


/ml 
238 
216 


pU/mi 
14 
0 


Yo. 
Un. 


1 hr 
1 hr 


* See text for conditions of experiments. 


experiment, an added set of 15 to 16 standard 
solutions is a negligible addition. 

Recovery of added human insulin and effect of 
plasma dilution. The virtually quantitative re- 
covery of human insulin added to plasma in vitro 
(Figure 5A) indicates that the plasma has neither 
an inhibitory nor an augmentative effect and this 
conclusion is confirmed by the proportionate de- 
crease in measured insulin concentration when the 
plasma is diluted over a large range (Figure 5B). 

Effect of cysteine and cellulose on endogenous 
plasma insulin. Since insulin is destroyed by in- 
cubation with cysteine at alkaline pH and is ad- 
sorbed by powdered cellulose, the effects of these 
agents on endogenous insulin were tested. 
Plasmas of relatively high insulin concentration 
were incubated at 37° C with 0.02 M cysteine at 
pH 8 for 1.5 hours and then dialyzed against nor- 
mal saline for 3 hours to remove the cysteine. 
Aliquots of the same serum samples were treated 


Ku - 2 Hour Sample 


Mean + S.E.M. 


Dilution of Plasma 


Fic. 5. B: EFFectT OF DILUTION OF PLASMA ON MEASURED CONCENTRATION OF 
ENDOGENOUS PLASMA INSULIN. Four replicate determinations were made for 
each point in the experiment on the right. 
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TABLE II 


Cellulose adsorption of beef insulin-I'™ and 
endogenous human plasma insulin 


Per cent adsorbed by 
cellulose column 


Endogenous 
Beef human 


Plasma insulin-I'" insulin 


similarly except that cysteine was omitted. AI- 
though incubation and dialysis alone led to a 26 
to 36 per cent loss in endogenous insulin concen- 
tration in the control samples, cysteine was almost 
completely effective in destroying the endogenous 
insulin (Table I). In simultaneous experiments 
insulin-I'** was found to be virtually completely 
destroyed under these conditions as determined by 
paper chromato-electrophoresis. 

To evaluate cellulose adsorption of endogenous 
insulin, a minute amount of tracer beef insulin- 


NON - DIABETIC 
CONTROLS 


CONCENTRATION - MICROUNITS/ ML 


INSULIN 


I**', negligible compared to the amounts used in 
the immunoassay, was added to 0.1 or 0.2 ml 
plasma which was then passed through a packed 
powdered cellulose column (about 0.5 ml in vol- 
ume) and eluted, by suction, with veronal buffer 
to recover all the plasma. Assay of the radioac- 
tivity remaining on the column and that eluted 
from the column, and immunoassay of endogenous 
insulin eluted from the column revealed that ap- 
proximately the same fractions of endogenous in- 
sulin and added beef insulin-I*** were adsorbed 
by the cellulose (Table II). The larger the 
amount of plasma per unit volume of cellulose the 
less the fraction of insulin that was adsorbed. 
With significantly smaller amounts of plasma vir- 
tually all insulin-I’** and endogenous imsulin are 
adsorbed, but the insulin concentrations then be- 
come unmeasurable. Only negligible fractions of 
albumin-I'** and y-globulin-I*** are adsorbed by 
cellulose under these conditions. 

Insulin concentrations in early maturity-onset 
diabetic and control subjects. The average fasting 
insulin concentrations tended to be only slightly 


MATURITY 
DIABETES 


UNDETERMINED 
STATUS 


TIME IN HOURS 


AFTER 


GLUCOSE ADMINISTRATION 


Fic. 6. PLASMA INSULIN CONCENTRATIONS DURING STANDARD 100 G (P.0.) GLUCOSE TOLERANCE TEST IN VARIOUS 
GROUPS OF SUBJECTS. 
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TABLE III 


Blood sugar and plasma insulin concentrations during a standard 100 g oral glucose tolerance test 


Blood sugars Plasma insulin concentrations 


Subj. ] 1 hr 2 hrs 3 hrs 4 hrs - 0.5 hr 1 hr 2 hrs 3 hrs 4 hrs 


mg/100 ml 
A. Nondiabetic controls 


Mean 
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La. 87 122 78 91 31 162 112 89 : 
Pa. 73 109 68 77 25 270 154 155 - 
Hu. J. 85 120 113 113 7 103 95 116 ; 
é Wh. 78 110 85 88 66 294 168 174 | 
Don. 88 108 135 115 45 67 98 39 : 
St. 89 120 104 93 13 95 46 43 } 
Kan. 83 113 103 83 28 62 229 117 : 
Ra. 91 131 135 90 20 176 128 112 : 
Jo. 92 113 113 80 25 124 118 21 
Wa. 98 128 147 118 20 68 93 | 
Dor. 90 140 148 118 31 81 126 90 Page 
Ei. 83 100 70 95 50 235 101 79 pel 
Cor. 110 133 133 115 21 130 155 145 La 
Cal. 91 117 147 119 7 39 76 47 Be 
Te. 83 143 155 73 17 78 190 126 er 
Ru. 83 103 113 98 3 145 204 222 PRS 
Dam. 90 118 120 110 18 187 205 180 a 
Kas. 98 150 135 108 11 48 112 65 eo 
: Kr. 98 115 125 120 2 71 95 117 ie 
Him. 93 140 120 108 22 322 252 232 
Coe ASS 95 128 110 105 9 126 56 ‘ 
Dan. 83 115 73 100 0 224 18 98 a 
aC, 83 158 140 113 22 91 114 135 : 
Un. 88 133 153 115 0 247 337 233 ae 
Ke. 103 138 128 112 34 163 174 67 ay 
Hig. 100 148 88 120 14 241 42 70 ee 
Con. 90 133 135 115 11 104 45 36 i: 
Pop. 93 148 143 95 39 67 101 79 co 
Ry. 90 143 150 110 11 84 107 81 verter 
Al. 96 296 134 44 14 188 342 42 teats 
B. Early maturity-onset diabetes 
Ri. 245 346 436 472 51 123 173 179 i oe 
F Wa. D. 96 178 218 150 6 32 97 166 ae 
Mor. 93 110 180 218 3 77 158 300 i 
Moh. 95 145 193 135 59 162 339 355 ee 
Ko. 93 240 360 120 i 14 294 364 os 
FI. 138 173 248 266 56 70 190 270 soe 
Fel. 100 152 190 141 19 107 121 102 ; 
Fr. 113 238 310 195 Bs 113 316 378 ae 
Sh. 118 232 300 190 13 38 175 76 i 
Go. 100 146 218 173 22 54 156 216 ae 
Bl. 114 168 236 223 19 59 108 221 ee 
Ma. 163 240 256 320 $1 46 35 54 ae 
We. 9 178 218 150 6 32 97 166 
Qu. 93 155 180 178 
Ok. 143 202 244 204 11 24 79 160 Peo 
Ha. 110 155 193 200 50 154 185 482 vee 
Cr; 92 200 245 225 0 31 75 70 ee 
Mi. 105 180 211 170 25 117 112 187 
Wo. 100 163 170 180 42 160 168 207 = 
Poi. 103 188 243 190 5 17 83 173 ae 
Fo. F. 152 244 266 380 11 22 28 23 ee 
No. 105 195 215 185 91 83 59 190 238 392 159 59 Be 
Ny. 93 158 193 138 60 11 53 90 154 17  . 
Fo. J. 90 169 193 185 83 34 238 249 490 173 ea 
Br. 90 167 198 163 86 67 20 62 133 201 79 29 — 
PI. 100 183 193 160 63 42 168 241 308 191 a 
Mu. 130 233 326 374 3 17 68 126 a 
Fla. 93 140 170 178 22 140 126 220 
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TABLE 111—Continued 


Blood sugars Plasma insulin concentrations 


Subj. 0.5 hr 1 hr 2 hrs 0.5 hr 1 hr 2 hrs 3hrs 4hrs 


mg/100 ml 
B. Early maturity-onset diabetes—Continued 


165 
198 
145 
193 
173 
148 
165 


2. Pituitary tumors 
Sil.* 
Sin.t 
Led. (Acromegaly) 
Thyrotoxicosis 
El. 
Yo. 
. Others 
Ku. (Hemochroma 


tosis) 


Cra. (Acute pan- 120 
creatitis) 


BLt 48 108 148 
Coh.§ 36 52 78 76 


* Chromophobe adenoma. 

t Eosinophilic and chromophobe adenoma with acromegaly. 

t Hypoglycemia, cause undetermined, after partial pancreatectomy. 
§ Proven islet cell adenoma (courtesy of Dr. H. Epstein). 


higher in the diabetic (mean, 27 »U per ml) than nondiabetics. In none of the 68 patients in both 
in the nondiabetic (mean, 21 wU per ml) subjects, of these groups did the fasting level exceed 70 »U 
although 34 per cent of the diabetics exceeded 40 per ml (Table III, A and B, Figure 6). These 
#U per ml in contrast to only 10 per cent of the values are in good agreement with those reported 
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Car. 108 238 «6183 90 42 106-247 106 

How. 125 223-250 14 132 140 245 | 
Coo. 95 163 178 128 28 «205 233 : 

is Le. 90 250 193 65 65 294 392 

Ga. 105 178 135 70 «148 302 

Hor. 95 147 195211 8 148 140 364 386 

Eh. 91 156 211 309 246 

Mean 27 97 156 243 
C. Undetermined status 

Wa. D. 85 100 150 148 te 

Wr. 98 123 158 138 | 
Ric. 100 138 «6158 143 13 140 226 100 
Ba. 88 140 150 129 14 144 230 405 
Har. 88 148 178 140 36 187-232 134 
eae Hew. 83 145 163 105 4 S56 64 94 

Jos. 95 147 171 136 49 130 192 157 

Leh. 100 152 162 145 14 186 224-395 
Wis. 103 150 158 128 155 182 148 

Doh. 70 «110 155. 128 8 48 28 33 

Sa. 100 170 «143110 11 48 
Wi. 90 123 164 118 1 233 

Mean 17 101 128 153 
D. Decompensated cirrhosis 

Man. 96 164 146 136 54 240356 486 

ri gl Mar. 92 168 150 100 8 140 226 143 

Cara. 9 143 140 93 

Di. 78 100 82 65 5 

Fo. 80 135 100 80 8 

92 122 147 134 32 350. 

9 #135 140 = «#117 5 177 192 180 
Ree 93 163 174 103 8 156 203 109 

103 215 «240-210 38 275 

93 170 184 103 81 

( 

48 121 321 330 

£ 

118 199 199 98 
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earlier in a smaller series of subjects (15). The 
responses to orally administered glucose in diabetic 
and nondiabetic patients differed more markedly 
than did the fasting insulin concentrations. Non- 
diabetic subjects were about equally divided in 
showing the peak insulin concentration at 0.5 
hour or 1 hour (Table IIIA), whereas with 
few definite exceptions diabetic patients showed 
the maximal insulin concentration at 2 hours 
(Table IIIB). The average insulin concentration 
at 0.5 hour was lower in diabetic (mean, 97 »pU 
per ml) than in nondiabetic (mean, 143 »U per 
ml) subjects, but the diabetics appeared to form 
two groups at this point (Figure 6). A delayed 
insulin response is suggestive in the lower of 
these two groups. 

Although there is a large scatter of individual 
values, the mean curves for the two groups illus- 
trate these differences clearly (Figure 6). The 
average integrated insulin concentration during 
the 2 hour glucose tolerance test was 26 per cent 
higher for the diabetic (147 »U per ml) than for 
the nondiabetic (117 »U per ml) group. The 
“undetermined” group (Table IIIC) probably 
represents a mixture of early diabetic and non- 
diabetic subjects and nothing can be concluded 
definitely about the variable insulin response to 
glucose loading. 

Insulin concentrations in four diabetic and five 
nondiabetic subjects given an additional 50 g of 
glucose at half hour intervals from 1.5 to 2.5 
hours are shown in Figure 7 and Table IV. In- 
sulin concentrations rose to higher levels in both 


100 gm 
Glucose p o 


ONSET DIABETES 


@ NON-DIABETIC CONTROLS 
© EARLY MATURITY 


INSULIN CONCENTRATION - MICROUNITS / ML 
n 
8 


00 $ 00 


FASTING 


TIME IN HOURS 


Fic. 7. PLASMA INSULIN CONCENTRATIONS DURING 
HEAVY GLUCOSE LOADING EXPERIMENTS IN DIABETIC AND 
NONDIABETIC SUBJECTS. 


groups but more marked increases were observed 
in the diabetic subjects. 

It should be emphasized that insulin-I'** when 
administered intravenously exhibits a rapid fall in 
concentration due to a marked and continuous in- 
crease in its apparent volume of distribution for a 
period of about 30 to 60 minutes and to a metabolic 
turnover rate with a half-time of about 35 min- 
utes (22). It may be reasonably expected that 
endogenously secreted insulin behaves similarly,® 
and therefore that any particular peak concentra- 


5 Endogenously secreted insulin is, in addition, sub- 
ject to removal by the liver before it reaches the periph- 
eral circulation (28, 29). 


TABLE IV 
Effect of heavy glucose loading* on blood sugars and plasma insulin levels 


Blood sugars 


Plasma insulin concentrations 


Subj. 1 hr 2 hrs 


0.5 hr 1 hr 2 hrs 2.5 hrs 3 hrs 


mg/100 ml 
Nondiabetic controls 


Hea. 84 106 
Gas. 78 86 
Rei. 90 129 
Keh. 94 142 
McC. 100 150 


Maturity-onset diabetes 


214 
152 
170 
181 


190 129 345 

224 129 322 

224 224 125 

224 238 224 
56 151 


265 548 
284 223 
112 309 
140 313 


* Glucose 100 g p.o., immediately after fasting specimen; glucose, 50 g p. 0., at 1.5, 2 and 2.5 hours. 
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an 50 gm Glucose p.o 
° 
° 
° 
Ld 
° ° 
a 
108 98 14 300 34 
98 90 86 0 241 235 
104 102 90 17 118 84 
ar 
Cri. 100 188 208 «= 188 17 910 960 685 
All. 86 140 560 496 496 
Ab. 90 143 420 700 870 
Ti. 86 170 155 149 145 3 294 «9255 «578 
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INSULIN CONCENTRATION- MICROUNITS / ML 


¢>1500 yU/mi 


NON- DIABETIC 
CONTROLS 


EARLY MATURITY FUNCTIONING LEUCINE-SENSITIVE 
ONSET DIABETES ISLET CELL 


HYPOGLYCEMIA 


Fic. 8. FASTING PLASMA INSULIN CONCENTRATIONS IN VARIOUS 


GROUPS OF sUBJECTS. The subject 
greater than 1,500 w«U per ml had 


with plasma insulin concentration 
an islet cell adenocarcinoma with 


widespread metastases (patient of Dr. J. Field).” 


tion depends on the precise moment of sampling. 
A very rapid and pronounced fall from the peak 
concentration would be anticipated in the case of 
a single secretory spurt. Conversely, a sustained 
elevation or continued rise in insulin concentra- 
tion implies a continued secretion during the time 
interval under observation. 

Insulin concentrations in patients with islet cell 
tumors or leucine-induced hypoglycemia. Insulin 
concentrations in fasting plasmas from five of 
seven patients * with proven islet cell tumors were 
elevated above normal levels (Figure 8), but the 
response to glucose was normal in the one patient 
studied during a glucose tolerance test (Coh., 
Table IIIG). 

Four of six subjects’ with leucine-induced hy- 
poglycemia showed increased insulin concentra- 

6 We are indebted to Doctors H. Epstein, J. Field, E. D. 
Furth, E. Gordon, A. Renold and J. Steinke for these 
sera. 

7 We are indebted to Doctors A. DiGeorge, M. Goldner, 
M. Grumbach, I. Rosenthal and S. Weisenfeld for these 
sera. 


tions following administration of L-leucine (75 to 
150 mg per kg) in six of nine experiments (Fig- 
ure 9), although fasting insulin concentrations 
were elevated in only a single patient (Figure 8), 
the only adult in the series and the one patient 
suspected on clinical grounds to have an isiet cell 
tumor.’ The peaks of insulin concentration, when 
observed, were in good time correspondence with 
the induced hypoglycemia. 

Plasma insulin in cirrhosis, acromegaly and hy- 
perthyroidism. Six patients with decompensated 
cirrhosis were studied (Table IIID). In two 
cases the glucose curves were high, but not within 
the diabetic range, and were associated with rela- 
tively high insulin concentrations. In three cases 
insulin concentrations were very low throughout 
the 2 hour glucose tolerance test, and in two of 
these the glucose concentration curves were quite 
flat. Intravenous glucose tolerance tests are nec- 
essary before it can be decided whether the ob- 
served association in the latter cases is to be at- 


8 Courtesy of Doctors S. Weisenfeld and M. Goldner. 
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tributed to poor glucose absorption or to height- 
ened insulin sensitivity. 

In three patients with pituitary tumors, two of 
whom had clinical acromegaly, and in two thyro- 
toxic subjects, insulin concentrations during the 
glucose tolerance test were in the high normal 
range (Table III, E and F). 

Results in a few individual cases that do aot 
fall into the other categories are also included in 
Table IIIG. 

In the absence of glucose loading, plasma in- 
sulin concentrations did not change significantly in 
two control subjects (Fra. and Gre., Table V). 

In seven cases, sera were refrozen and repeat 
determinations were performed one or more 
months later with a different lot of insulin-I**. 
The reproducibility of determinations performed 
under these conditions is shown in Figure 10. 


DISCUSSION 


The demonstration that unlabeled insulin could 
displace insulin-I*** from complexes with insulin- 
binding antibody (22) and that the fraction of in- 
sulin-I"** bound to antibody decreases progres- 
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L-LEUCINE p.o. 


CONCENTRATION - MICROUNITS / ML 
8 


INSULIN 
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TABLE V 


Blood sugar and plasma insulin concentrations in 
the absence of glucose loading* 


Plasma 
insulin 

concen- 

trations 


Nondia- 
betic 
controls 


*Subjects were fasted overnight and throughout the 
period of blood sampling. 


sively with increase in insulin concentration (22) 
laid the foundation for the immunoassay of insulin 
employing isotopically labeled insulin. In initial 
reports describing results with the present method 
for immunoassay of beef insulin (9, 10) it was 
emphasized that species differences in the reac- 
tion of insulin with insulin antisera exist and that 


LEUCINE SENSITIVE SUBJECTS 
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Fic. 9. PLASMA INSULIN CONCENTRATIONS FOLLOWING ADMINISTRATION OF L-LEUCINE TO CONTROL AND LEUCINE- 
SENSITIVE HYPOGLYCEMIC SUBJECTS. 


min mg, 100 ml 

Gre. 0 93 17 Bes: 

20 90 19 
40 90 18 
60 88 18 Tae 

120 78 25 be 

Fra. 0 85 3 ae 
20 85 5 a 

40 80 5 
60 85 3 

120 88 3 
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INSULIN CONCENTRATION — MICROUNITS /ML 


PLASMA 


FASTING FASTING 


TIME 


Fic. 10. 


frozen between determinations. 
sented in Table III. 


human antibeef, pork insulin serum is. useful for 


microassay of animal insulins (10). However, 
the human antisera react too weakly with human 
insulin (7, 8, 11) to serve as a basis for assay of 
the latter hormone in plasma. Fortunately, how- 
ever, the serum of guinea pigs immunized with 
beef insulin was reported to react sufficiently 
strongly with human insulin for purposes of assay 
(11, 14) and this finding has recently been con- 
firmed by Grodsky and Forsham (30). The lat- 
ter workers have employed a salt fractionation 
technique that produces a partial separation of 
antibody-bound insulin-I'*' from free insulin-I** 
and have measured insulin concentrations in ex- 
tracts.of plasma. However, since, in the assays 
of Grodsky and Forsham, human insulin was 
assumed to react quantitatively like beef insulin, 
which is not valid for guinea pig antibeef insulin 
serum, their absolute values for human plasma 
insulin concentrations are questionable. Further- 


T 


T 
' FASTING 


IN HOURS 


REPRODUCIBILITY OF PLASMA INSULIN DETERMINATIONS ON THE SAME PLASMA SAMPLES 
PERFORMED ONE OR MORE MONTHS APART WITH DIFFERENT LOTS OF INSULIN-I™. 
In these cases, the average values of the two determinations are pre- 


Plasmas were stored 


more, since the relative degree to which human in- 
sulin and beef insulin react at different insulin con- 
centrations varies several-fold, even relative values 
obtained with beef insulin as a standard are sub- 
ject to large errors. Grodsky and Forsham (30) 
were unable to detect insulin in most fasting 
plasmas and reported mean values of 31 »U per 
ml after glucose loading in five patients. These 
values are very much smaller than those reported 
earlier by us (14) or those of the much larger 
series presented here. However, a significant un- 
derestimate of human insulin concentration is 
precisely the anticipated consequence of the in- 
valid assumption of equal reactivity of beef and 
human insulins in the guinea pig antibeef insulin 
system. 

To our knowledge there have been only two 
other immunologic methods employed for the as- 
say of insulin. Arquilla and Stavitsky (31) de- 
veloped an assay for insulin based on the inhibi- 
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tion of hemolysis of insulin-sensitized red blood 
cells; however, the lower limit of detectability by 
this technique was approximately 0.1 pg (2.8 mU) 
making it unsuitable for determination of plasma 
insulin. Loveless (32) has used certain normal 
human subjects, in whom the skin can be locally 
sensitized to insulin (by the intracutaneous injec- 
tion of human anti-insulin serum) to assay in- 
sulin by the whealing response obtained. Aside 
from the inconvenience associated with this 
method, the lower limit of detectability was 200 
#U beef insulin per ml and human plasma insulin 
was not detectable, a result attributed in part to 
the lesser reactivity of human insulin (32). 
Reported estimates of plasma insulin concentra- 
tions, derived from the various biological assay 
procedures, have varied widely. Thus, the in vitro 
diaphragm assay has yielded values ranging from 
40 to 80 »U per ml (33) to as high as 4,600 »U 
per ml (34) in fasting plasmas and from about 
130 to 800 »U per ml (33) to 9,000 to 22,000 
wU per ml (35) after glucose in normal subjects. 
Measuring the increase in oxidation of glucose-1- 
C** to CO, by rat epididymal adipose tissue in 
vitro, Martin, Renold and Dagenais (3) found 


that the insulin-like activity of fasting normal 
plasma in this preparation corresponded to 50 to 350 


zU of insulin per ml. Pfeiffer, Pfeiffer, Ditschu- 
neit and Ahn (36), using the same assay, found 
that plasma diluted 1:2 gave higher and more 
consistent insulin concentrations and _ reported 
normal fasting levels of 135 to 680 »U per ml in 
15 normal human subjects, with concentrations 
frequently exceeding 2,000 to 4,000 »U per ml 
after tolbutamide and metahexamide. Employing 
the immunoassay method we have observed gen- 
erally much smailer increases in peripheral insulin 
concentration after large doses of sodium tolbuta- 
mide, administered intravenously or by mouth, 
than after glucose given by the same routes to 
normal or diabetic men (37). 

It is generally agreed (5, 34) that dilution of 
plasma or serum increases markedly the estimated 
insulin concentration in the diaphragm assay and 
similar observations have been made in the rat epi- 
didymal fat pad assay (36). This phenomenon 
has been either attributed to the presence of in- 
hibitory substances in the plasma (5, 34) or in- 
terpreted as indicating that insulin-like activity of 
serum as measured by the isolated rat diaphragm 


1171 


is not specific for insulin per se. Randle has found 
that albumin and other proteins may exert a non- 
specific stimulation of glucose uptake by rat dia- 
phragm (5) and that 1 ml of plasma exhibiting an 
insulin concentration of 13,000 »U per ml in the 
diaphragm assay had no effect on blood sugar 
when injected into alloxan-diabetic hypophysec- 
tomized rats, whereas 2,000 »U insulin produced 
a marked hypoglycemia (35). 

The recent report by Leonards (6), that insu- 
lin-like activity in plasma, when tested on the rat 
epididymal fat pad, persists after total pancreatec- 
tomy and that insulin-neutralizing antiserum from 
guinea pigs has no inhibitory effect on the insulin- 
like activity of human serum in this system, has 
raised a serious question as to what part of the 
insulin-like effect on fat tissue is due to insulin 
itself. 

In vivo insulin assays have also yielded variable 
estimates of plasma insulin concentration. Meas- 
uring the fall in blood sugar induced in adreno- 
demedullated alloxan-diabetic hypophysectomized 
rats, Anderson, Lindner and Sutton (38) were 
unable to detect circulating insulin in fasting 
plasma although the method was sensitive to 125 
nU insulin. Bornstein and Lawrence (1) using 
adrenalectomized hypophysectomized diabetic rats 
reported plasma insulin concentrations 2 hours 
after glucose to average about 340 »U per ml in 
normal subjects and 100 to 320 »U per ml in 
diabetic patients not subject to ketosis, but Randle 
(5) was unable to confirm the suitability of these 
animals for insulin assay. More recently, Baird 
and Bornstein (39), employing adrenalectomized 
alloxan-diabetic mice, have found that normal 
fasting plasma extracted with acid ethanol-n- 
butanol-toluene (which is thought to separate in- 
sulin from insulin antagonists) contains about 
1,000 »U per ml. Values about three times as 
high were observed after glucose feeding. Values 
as high or higher were found in four of six dia- 
betic subjects. 

At the present time it does not appear possible to 
resolve all the apparently divergent findings sum- 
marized here. It is necessary, however, to point 
out that plasma insulin concentrations determined 
by the immunoassay technique are in agreement 
with the lowest estimates derived from other 
methods of assay, notably the in vivo bioassays of 
Bornstein and Lawrence (1), and of Anderson 
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and co-workers (38), and the diaphragm assay of 
Vallance-Owen and Hurlock (33). By com- 
parison with the biological effects of exogenous 
insulin the lower concentrations appear most 
reasonable. 

A rough estimate of the amount of insulin se- 
creted can be derived from the insulin concentra- 
tions reported here according to the following 
considerations. From the area under the mean 
insulin curve in nondiabetic subjects it is found 
that the average insulin concentration during the 
2 hour period following glucose administration 
was 117 »U per ml. It has been shown previously 
(22) that I***-labeled insulin in man is metabolized 
at a rate of about 2 per cent per minute and is 
distributed into an apparent volume of distribution 
of about 37 per cent of body weight in about 45 
minutes, distribution being about half completed 
at 15 minutes. If we now assume that the distri- 
bution and metabolism of endogenous insulin that 
reaches the peripheral circulation is similar quan- 
titatively to that of exogenous insulin ® and make 
the conservative estimate that, on the average, the 
endogenous insulin was distributed in a volume 
corresponding to 30 per cent of body weight (21 
L) over the 2 hour period, we can calculate that 
0.117 U per L Xx 21 L was being degraded at the 
rate of 2 per cent per minute during these 120 
minutes. This computation leads to the estimate 
that approximately 6 U of insulin reached the 
peripheral circulation during the 2 hour glucose 
tolerance test. Madison, Combes, Unger and 
Kaplan (28) have found that approximately 50 
per cent of insulin given into the portal vein is 
removed from the circulation during its first pas- 
sage through the liver, and this value is in good 
agreement with the figure of 40 per cent given by 
Mortimore and Tietze in the rat (29). If we ac- 
cept the 50 per cent value for the liver of man, it 
can be concluded that an average of about 12 U of 
insulin was secreted during the glucose tolerance 
test in nondiabetic subjects. This is what might 


*It has been established that exogenous unlabeled 
crystalline beef insulin and I-labeled crystalline beef 
insulin show virtually identical plasma disappearance 


curves in the rabbit (10). Furthermore, the precipitous 
fall in insulin concentration from peak levels, observed 
in many patients of the present study (Table IIIA), 
even when insulin secretion may be presumed to be con- 
tinuing, is evidence that endogenous insulin also is rap- 
idly removed from the circulation. 
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be expected in each of three feedings per day. 
If, also, there is added into the calculation (on the 
same basis) the amount of insulin necessary to 
maintain a fasting level of 0.021 U per L for the 
other 18 hours, we arrive at the estimate of 36 U 
(postprandial secretion) plus 19 U (fasting se- 
cretion) = 55 U for the average total insulin se- 
cretion per day in nondiabetic subjects.’° Since, 
even at the end of the 2 hour glucose tolerance 
test the insulin concentration was still above fast- 
ing levels, calculations over a more extended time 
period would yield even slightly higher estimates. 
These figures are certainly consistent with the in- 
sulin requirement of 30 to 40 U daily in totally 
depancreatized human subjects (40), since ex- 
ogenously administered insulin does not experi- 
ence the initial hepatic removal to which endoge- 
nously secreted insulin is subjected. 

In order to resolve the much higher estimates of 
plasma insulin concentration given by Wille- 
brands, van der Geld and Groen (34), Randle (35), 
and Pfeiffer and associates (36) with these consid- 
erations, we must assume either that the turnover 
rate of endogenous insulin is very much slower 
than that of exogenously administered insulin (in 
which event it is difficult to understand why hu- 
man subjects do not remain in prolonged jeopardy 
of hypoglycemia from the high insulin concentra- 
tions that follow glucose administration) or that 
endogenous insulin is confined almost exclusively 
to the plasma. Even if the latter alternative 
(which also is in strong conflict with the results 
on distribution of exogenous insulin) were true, 
a fasting level as high as 4,600 »U per ml (34) 
would mean that there is almost 14 U of insulin 
in the circulation of fasting human subjects, a 
conclusion which is still difficult to accept. 
Randle’s (35) values of 9,000 to 22,000 »pU per 
ml in normal plasma 2.5 hours following glucose 
would mean a total of 27 to 66 U in plasma alone, 
neglecting insulin in extravascular space, at a 
time when the blood sugar is usually at a normal 
level. However, as already noted, Randle has in- 
dicated his conviction that this “insulin-like” ac- 
tivity is not due entirely to insulin alone (5). 

To return now to the results of the present 
study, it will be noted that the high insulin con- 

10 These calculations ignore any increase in insulin 


secretion that would result from small feedings between 
meals. 
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centrations observed in diabetic subjects during 
the glucose tolerance test are not inconsistent with 
the less extensive data of Bornstein and Lawrence 
(1) and Baird and Bornstein (39). Very re- 
cently Seltzer and Smith (41), employing the rat 
diaphragm assay of Vallance-Owen and Hurlock 
(33), have reported insulin concentrations one 
hour after glucose, in tolbutamide-sensitive adult 
diabetics, almost in the normal range, but sig- 
nificantly lower values were observed in juvenile 
diabetics and adult tolbutamide-insensitive dia- 
betics. To resolve the present finding of a higher 
than normal integrated insulin output in diabetics 
during the glucose tolerance test with sustained 
hyperglycemia in these patients, it must be con- 
cluded that the tissues of the maturity-onset dia- 
betic do not respond to his insulin as well as the 
tissues of the nondiabetic subject respond to his 
insulin. However, from these observations it 
cannot be concluded that the early diabetic has 
the same maximal: potential insulin output as the 
nondiabetic, since in the latter the return of blood 
sugar to normal levels does not allow for the con- 
tinued stimulus of prolonged hyperglycemia as in 
the diabetic. The attempt to produce a sustained 
stimulus to insulin secretion by repeated adminis- 
tration of glucose to a total of 250 g did result in 
a more marked insulin secretion in nondiabetic 
subjects. However, the response of diabetics was 
still greater indicating that their insulin reserve 
is not depleted during the 100 g glucose tolerance 
test. The experiments failed, however, to test 
maximal insulin secretory capacity of the non- 
diabetic subjects since a sustained hyperglycemia 
was not achieved in these patients. 

Appreciation of the lack of responsiveness of 
blood sugar, in the face of apparently adequate 
amounts of insulin secreted by early maturity- 
onset diabetic subjects, is obviously of importance 
in the interpretation of the pathogenesis of this 
type of diabetes. However, the data at hand can 
only indicate that absolute insulin deficiency per 
se is not the cause of the hyperglycemia and sug- 
gest other possibilities that merit investigation, 
namely, 7) abnormal tissues with a high threshold 
for the action of insulin; 2) an abnormal insulin 
that acts poorly with respect to hormonal activity 
in vivo but reacts well immunologically in vitro; 
3) an abnormally rapid inactivation of hormonally 
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active sites [a suggestion in accord with the ideas 
expressed by Mirsky (42)] but not of immuno- 
logically active sites on the insulin molecules ; and 
4) the presence of insulin antagonists. The last 
suggestion has been made many times by previous 
workers. A joint attack on the problem, utilizing 
both the specific immunoassay for plasma insulin 
and an assay method that measures the net bio- 
logical effect of insulin and its inhibitors would 
seem to be indicated. 

The high fasting insulin concentrations observed 
in hypoglycemia associated with functioning islet 
cell tumors are not unexpected. However, the 
normal response to glucose in the one patient stud- 
ied suggests that the insulin-producing tumor may 
be secreting insulin continuously or sporadically 
but that it is not stimulated specifically by hyper- 
glycemia. The failure to detect high plasma con- 
centrations of insulin in two cases can possibly be 
explained by the normally rapid turnover of in- 
sulin and the sampling at a time when insulin pro- 
duction by the tumor had been quiescent for an 
hour or two previously. 

Leucine-induced hypoglycemia in children with 
idiopathic hypoglycemia was first reported by 
Cochrane, Payne, Simpkiss and Woolf (43) but 
a satisfactory interpretation of the disturbance has 
not been given. From the results of the present 
study it appears that leucine serves as an abnormal 
stimulus to insulin secretion in these subjects but 
may also have other effects. Most of the patients 
whose sera were assayed here have been studied 
in detail in other respects as well by the various 
investigators who supplied the sera and are to be 
reported by them individually. 


SUMMARY AND CONCLUSION 


1. An immunoassay for plasma insulin in man 
is presented, based on the reaction of human in- 
sulin, competing with beef insulin-I'*', with in- 
sulin-binding antibodies in the sera of guinea pigs 
immunized with beef insulin. The method is sen- 
sitive to less than 1 »U of insulin, permitting meas- 
urement of insulin concentrations in 10 to 20 pl of 
plasma. 

2. Human insulin added in vitro to plasma is re- 
covered quantitatively, and measured endogenous 
insulin concentrations decrease proportionately on 
dilution of plasma over the range 1:2 to 1: 100. 
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3. Endogenous plasma insulin is destroyed by 
incubation with cysteine and endogenous insulin 
adsorption by cellulose columns is quantitatively 
similar to the adsorption of added beef insulin-I***. 

4. Repeat determinations of insulin concentra- 
tions on the same plasma samples (stored frozen 
in the interim) one or more months apart, with 
different lots of insulin-I'*', were generally in 
good agreement. 

5. Fasting plasma insulin concentrations in 
early maturity-onset diabetic patients who had 
never been treated with insulin, (mean, 27 »U per 
ml) and in nondiabetic subjects (mean, 21 »U per 
ml) did not differ markedly. Following 100 g of 
glucose by mouth, nondiabetic subjects usually 
showed peak insulin concentrations at 0.5 hour 
(mean, 143 »U per ml) or 1 hour (mean, 
139 »U per ml) and a decline by 2 hours (mean, 
106 »U per mi). In contrast, insulin concentra- 


tions in diabetic subjects showed a lesser increase 
at 0.5 hour (mean, 97 »U per ml) but con- 
tinued to rise to a peak at 2 hours (mean, 243 
p»U per ml). The integrated average insulin con- 
centration during the 2 hour glucose tolerance test 
was 26 per cent higher in diabetics (mean, 147 »U 


per ml) than in nondiabetics (mean, 117 »U per 
ml). 

6. In a small series of patients subjected to ad- 
ditional glucose loading at 1.5, 2 and 2.5 hours, 
very high insulin concentrations were observed in 
both groups, but levels in diabetic patients far ex- 
ceeded those in nondiabetic subjects. 

7. Fasting insulin concentrations were elevated 
in five of seven subjects with functioning islet cell 
adenomas but insulin secretory response to glucose 
was normal in the one patient studied. 

8. Four of six subjects with leucine-sensitive 
hypoglycemia showed increased insulin concentra- 
tions following administration of leucine in six 
of nine experiments. 

9. Insulin responses were generally in the high 
normal range in three patients with pituitary tu- 
mors (two associated with acromegaly) and in 
two patients with thyrotoxicosis. 

10. Plasma insulin concentrations measured by 
imunoassay are compared with values obtained 
by other assay methods and found to yield the 
lowest estimates. 

11. Calculation of the average normal daily in- 
sulin secretion rate, on the basis of the data pre- 
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sented, yields an estimate of about 55 U of insu- 
lin per day. 
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Hereditary methemoglobinemia has been found 
to have a relatively high prevalence in Alaskan 
Eskimos and Indians (1). Persons with this con- 
dition have been found to have a complete lack 
of diphosphopyridine nucleotide diaphorase ac- 
tivity in red cells (2). 

Of the 21 known cases of methemoglobinemia 
in 13 families in Alaska, 12 cases in 7 families oc- 
curred in Ingalik Indians, a small group of about 
800 Athabascans living on the Innoko, Yukon 
and Kuskokwim Rivers. The present study is 
concerned with a study of diaphorase levels of 
red cells of 271 of these people and of 47 Eskimos 
living nearby. Evidence is presented which indi- 
cates that parents of methemoglobinemic children 


have about half the normal level of erythrocyte 
diaphorase, and that the condition is inherited as 
a simple recessive trait. 


METHODS 


Determination of erythrocyte diaphorase. Five ml of 
blood was collected and mixed with 1 ml acid citrate dex- 
trose (ACD) solution (1.47 g glucose, 1.32 g sodium cit- 
rate and 0.44 g citric acid per 100 ml water). Other 
anticoagulants can be used but we have preferred ACD 
since the diaphorase level could not be determined until 
several days after the blood was collected. In the pres- 
ence of ACD, the diaphorase level of cells was un- 
changed over a period of at least 2 weeks. The serum 
was drawn off and the cells were washed 3 times with 
10 volumes of phosphate-buffered saline solution (9 vol- 
umes 0.9 per cent NaCl plus 1 volume 0.1 M potassium 
phosphate, pH 7.3). To the cells was added an equal 
volume of phosphate-buffered saline solution containing 
1 per cent sodium nitrite and the mixture was shaken 
and allowed to stand for 20 minutes. The cells were 
then washed 5 more times with 10 volumes of phosphate- 
buffered saline solution to completely remove the nitrite. 

To 0.1 ml of the oxidized cells was added 1.9 ml water. 
After shaking, the mixture was centrifuged and the he- 
molysate decanted from the insoluble matter. The methe- 
moglobin content of the hemolysate was determined by 
measuring absorption at 600 my after 1:15 dilution; it 
was found by comparison with the method of Evelyn and 


Malloy (3) that an optical density of 0.2 at 600 mz ina 
10 mm cell was given by 1.08 mg methemoglobin per ml. 

To each of two cuvets were added 0.05 ml 1 M Tris 
(hydroxymethyl )aminomethane (pH 7.55), 0.1 ml 0.01 
M sodium ethylenediamine tetraacetate (EDTA) and 0.05 
ml 0.0012 M 2,6-dichlorobenzenoneindophenol (Eastman). 
To one cuvet was added hemolysate equivalent to 
3.25 mg methemoglobin and water to a volume of 2.98 
ml; to the blank was added 2.78 ml water. The reaction 
was started by addition of 0.02 ml 0.0088 M reduced di- 
phosphopyridine nucleotide (DPNH). Optical density 
in a 10 mm cell was measured at 3-minute intervals for 
21 minutes at 600 my in a Beckman spectrophotometer. 
The spectrophotometer was equipped with a water jacket, 


through which water at 25° C was circulated. 

Under these conditions, the decrease in optical density 
both with hemolysate and in the blank was nearly linear. 
The level of diaphorase activity of the hemolysate was 
taken to be the rate of reaction expressed as change in 
absorbance per minute (AA per minute) corrected for 
the blank. 


RESULTS 


A typical plot of results obtained with this 
method is shown in Figure 1. It will be noted that 
the rate of reduction with dye in the presence of 
methemoglobinemic hemolysate is not distinguish- 
able from the blank rate. The net rate of reduc- 
tion of 2,6-dichlorobenzenoneindophenol has been 
determined in 14 methemoglobinemic persons rep- 
resenting 11 families, and 13 parents of methemo- 
globinemic children representing 8 families. The 
results are summarized in Table I, and compared 
with those from 88 children of normal parents. 
The level of diaphorase in red cells of men did not 
differ from that of women, and there was no de- 
pendence on age. 

Determinations of diaphorase activity have been 
made on 271 Ingalik Indians and 47 Eskimos with 
the results shown in Figure 2. It is apparent from 
this figure that the levels fall into three groups. 
The first consists of clearly distinguishable lev- 
els between — 0.0001 and 0.0005 AA per minute 
and represents only methemoglobinemic persons. 
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The second group begins at levels of 0.0015 AA 
per minute and extends to about 0.0030 AA per 
minute ; all parents of methemoglobinemic children 
were in this group. The third and largest group 
consisted of levels higher than about 0.0030 AA 
per minute, 

Assuming that levels lower than 0.0010 are 
characteristic of the methemoglobinemic homozy- 
gote, mm; levels between 0.0010 and 0.0030 rep- 
resent the heterozygote, Mm; and levels in ex- 
cess of 0.0030 the normal homozygote, MM: the 
results in 45 families can be summarized as shown 
A considerable proportion of the 


in Table II. 
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Fic. 1, RATE OF DYE REDUCTION. 1) Reaction in ab- 


sence of hemolysate; 2) reaction with hemolysate from 
methemoglobinemic subject; 3) reaction with hemolysate 
from a heterozygotic sibling of 2; 4) reaction with he- 
molysate from a normal sibling of 2. 


persons with low levels is related; the relation- 
ship is shown in Figure 3. 


DISCUSSION 


The method here used for determining dia- 
phorase activity is adapted from that of Edelhoch, 
Hayaishi and Teply (4). In applying this method 
to hemolysates, it was necessary to oxidize all 
hemoglobin to methemoglobin, since hemoglobin 
itself will rapidly reduce 2,6-dichlorobenzenone- 
indophenol. The dye is also reduced directly by 
DPNH. This nonenzymatic reaction is first order 
with respect to dye concentration and also with 
respect to DPNH concentration. It is strongly 
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TABLE I 


Net rate of dye reduction in methemoglobinemic persons; 
parents of methemoglobinemic children, and children of 
normal parents 


Rate of dye reduction* 


Subjects No. Mean SD Range 
Methemoglobinemic 14 0.9 24 —3to5 
Parents of methemo- 

globinemic children 13 21.8 4.4 15 to 28 
Children of normal 
parents 88 45.5 8.5 


28 to 81 


*Rate of dye reduction is expressed as absorbance 
change per minute X 10‘. 


dependent on pH, being very rapid at lower pH. 
At the pH used (7.55), the reaction is sufficiently 
slow so that a nearly linear reduction occurs. We 
have been unable to obtain a reproducible rate of 
nonenzymatic reduction of the dye in the absence 
of EDTA although this substance has no effect 
on the enzymatic reaction. The net rate of reac- 
tion is proportional to the amount of hemolysate 
added, but the amount of hemolysate that can be 
used is limited by the optical density of the solution. 

That the factor contributed by the hemolysate 
is an enzyme is shown by its lability to heat and 
the fact that it can be purified by conventional 
methods of enzyme isolation. The properties of 
the purified enzyme will be described elsewhere. 
The enzyme of hemolysates is relatively stable; 
about one-third of the activity was lost after 
freezing and no further loss occurred after storage 
in the frozen state for six months. 

The activity of the diaphorase in hemolysates is 
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RATE OF REACTION «x 10* 
Fic. 2. NET RATE OF DYE REDUCTION IN 318 SUBJECTS. 
Rate of reaction is expressed as absorbance change per 
minute. 
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TABLE II 


Diaphorase levels of children compared with 
those of parents 


No. of children with levels: 


No. of 0.0010- 
Parents families <0.0010* 0.0030* >0.0030* 


MM X mm 
Mm X Mm 
Mm X MM 
MM X MM 


* Net rate of diaphorase reaction. 


strongly dependent on pH. It is more active at 
lower pH but the reaction cannot be conveniently 
determined at lower pH because the nonenzy- 
matic reaction is also accelerated. The rate of 
enzymatic reaction is nearly directly proportional 
to initial dye concentration. Although one would 
anticipate that dye reduction would therefore be 
a first order reaction, it is nearly linear under the 
above conditions. The reason for this discrepancy 
is not known. The enzymatic reaction, unlike the 
nonenzymatic reaction, is nearly independent of 
DPNH concentration. That no diaphorase ac- 
tivity is present in methemoglobinemic hemoly- 
sates is shown by the fact that rate of dye reduc- 
tion in the presence of these hemolysates is pro- 
portional to DPNH concentration. 

It will be noted in Figure 2 that a few persons 
with diaphorase levels between 0.0028 and 0.0032 
AA per minute can not unequivocally be placed in 
either the normal group or in the group which ap- 
pears to be heterozygous. A decision on such an 


individual can often be reached by repeating the 
diaphorase assay, since the variation encountered 
between assays may be as high as 0.0004 AA per 
minute. (The data in Figure 2 were the results 
of a single determination of diaphorase activity.) 
Studies of the immediate family may also be help- 
ful in reaching a decision in a doubtful case. 

In spite of the fact that low levels of diaphorase 
may not always be readily distinguishable from 
normal levels, the evidence obtained from these 
families is clearly consistent with the view that 
persons who are heterozygous for methemoglobi- 
nemia have diaphorase levels about half as high 
as normal levels. We have not been able to de- 
tect methemoglobin in the red cells of any of these 
heterozygotes. 

Of the 318 persons tested in this study 203 were 
selected by a random process—they included all 
families in the area in which both parents were 
living and there were children six or more years 
of age. (The other 115 were close relatives of 
methemoglobinemic subjects.) Of these 203, 3 
were methemoglobinemic and 22 were apparently 
heterozygous. The gene frequency in this group 
was thus 0.069. It would be anticipated from this 
frequency that normal persons, heterozygotes and 
methemoglobinemics would be found in the ratio 
176: 26:1; this is probably not significantly dif- 
ferent from the 178:22:3 found. The distribu- 
tion of diaphorase levels shown in Table II, the 
data in Figure 3, and data from other families in 
the study are also consistent with the inheritance 
of methemoglobinemia as a simple recessive trait. 


Fic. 3. RELATIONSHIP OF METHEMOGLOBINEMIC FAMILIES. 
rate of dye reduction in absorbance change per minute X 10*. 
squares = males, solid symbols = methemoglobinemic subjects, half-solid symbols = 
heterozygotes, open symbols = normal, crossed symbols = deceased; question mark 
indicates diaphorase not determined or person unknown. 


The figures are net 
Circles = females, 
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The discovery of a myopathic mutation in a 
colony of strain 129 mice (1, 2) provides an op- 
portunity for the study of possible abnormalities 
in the metabolism of muscle proteins with the use 
of labeled amino acids. Cell proteins may show 
various kinds of behavior. Some of them are 
constantly being renewed, either secreted, like 
digestive enzymes or serum albumin from the 
liver, or subjected to a molecular turnover, as in 
the case of muscle aldolase and probably all the 
water-extractable muscle proteins. The other pro- 
teins apparently stay unchanged during the life 
span of the cell, as in the case of hemoglobin in 
red blood cells (3), of collagen in the rat (4), or 
of myosin in the myofibril, a subcellular unit (5, 
6). We have previously shown in the rat that 
myosin has a very slow renewal and that its meta- 
bolic behavior permits the measurement of the 
life span of the myofibril, which is close to 30 days 
in the rat. If, after the injection of a radioactive 
amino acid, the radioactivity of the protein is 
plotted against time, the first kind of protein shows 
an exponential decline, but hemoglobin and myo- 
sin show a plateau followed by a rapid decline. 
These two kinds of curves are combined if the 
protein is slowly renewed and belongs to a cell or 
part of a cell with a relatively short life span. 

In this work we have compared the metabolism 
of myosin and water-extractable muscle proteins 
in dystrophic mice, in their normal litter mates, 
and in another normal strain of mice. We have 
not prepared pure aldolase, which would have re- 
quired too large a number of animals, but we 


* Supported by grants from the Caisse Nationale de 
Sécurité Sociale, France, the Institut National d’Hygiéne, 
France, the Muscular Dystrophy Associations of America, 
Inc., and by a research grant (no. RG-6016) from the 
United States Public Health Service, Division of Gen- 
eral Medical Sciences, Bethesda, Md. 

+ Present address: Clare College, Cambridge, England. 


have previously seen that the total water-extrac- 
table proteins have the same gross behavior as 
aldolase (5, 6). 


METHODS 


Animals. We have used normal mice strain RAP, dys- 
trophic mice, and their normal litter mate strain 129, 
which were obtained from the Roscoe B. Jackson Mem- 
orial Laboratory, where they have been isolated by 
Michelson, Stevens and co-workers (1, 2). The mus- 
cular dystrophy of these mice is linked to an autosomal 
recessive gene, the disease appearing only in the ho- 
mozygotic mice. These mice have a generalized mus- 
cular atrophy, and the microscopic appearance of the 
miuscle tissue is characteristic of progressive muscular 
dystrophy of man. The mice, whose weight varied be- 
tween 10 and 16 g, received a diet containing 24 per cent 
protein. They were fasted 24 hours before and 8 hours 
after the injection of the radioactive amino acid. They 
were injected intraperitoneally with glycine-2-C“, 1 yc 
per 10 g of body weight. For each protein preparation 
3 to 4 normal mice or 4 to 5 dystrophic mice were pooled. 
The number of experiments was limited by the difficulty 
in obtaining the mice and by their short life expectancy. 
None of the mice lost weight during the experiments. 

Preparation of the proteins, The mice were killed by 
bleeding. Muscles were ground and the water-extract- 
able proteins and free glycine were extracted with twice- 
distilled water. The myosin was extracted with potassium 
iodide according to Szent-Gyérgyi (7) and purified twice 
by precipitation by dilution, and by redissolution in a 
buffered potassium chloride solution. The purity was 
checked by moving boundary electrophoresis which 
showed one symmetrical peak (Figure 1). The absence 
of actomyosin was checked in each experiment by the 
measurement of the viscosity before and after the addi- 
tion of adenosine triphosphate. The water-extractable 
proteins were precipitated by adding half a volume of 
20 per cent trichloroacetic acid to the muscle extract. 

Free glycine of muscle. The free glycine of muscle 
was obtained from the supernatant of the trichloroacetic 
acid precipitation of the water extract. This solution 
was evaporated to dryness in vacuo and the trichloro- 
acetic acid was extracted with ether. After treatment 
with dinitrofluorobenzene, the dinitrophenylglycine (DN P- 
glycine) was isolated on a celite column, according to 
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ELECTROPHORESIS OF MOUSE MYOSIN. 1.19 v 
Phosphate buffer « = 0.35, 


Fie. 1. 
per cm; 22 hours, 40 minutes. 
pH 7.1. 


the technique of Perrone (8), as modified by Padieu 
(9) and Kruh and associates (10). Its purity was sys- 
tematically checked by paper chromatography according 
to Biserte and Osteux (11). 

Measurement of radioactivity. Myosin, like the water- 
soluble proteins, was precipitated by half a volume of 20 
per cent trichloroacetic acid. The precipitates were 
washed twice with 7 per cent trichloroacetic acid, twice 
with acetone, and once with ether. The dry proteins 
were ground into a fine powder in a Potter apparatus and 
in an agate mortar, and then spread in a regular layer 
of 40 mg protein on copper planchets of 1.52 cm’ surface, 
which constitutes infinite thickness. The DNP-glycine 
was dissolved in methanol and estimation was made in 
a Beckman DU spectrophotometer at 360 my on an ali- 
quot, after dilution in 2 per cent NaHCO;. The radio- 
activity was measured on another aliquot after heat 
dessication on a copper planchet of 2.85 cm? surface in 
which a lens paper was fixed with silicone grease. A 
Geiger-Miiller counter with a thin end-window was used, 
and the specific activity of DNP-glycine was expressed 
in counts per minute per millimole; the correction for 
thickness was made. The determinations were carried 
out with a statistical error of less than + 2 per cent. 


RESULTS 


Normal mice (strain RAP) 


Myosin (Figure 2). Two series of experiments 
involving 40 mice showed a constancy of radio- 
activity between the second and twentieth days 
with a mean value of 30 cpm + SD = 2. Then the 
radioactivity decreased and remained constant un- 
til the thirty-eighth day at a level of 19+ SD = 
aan 

Water-extractable proteins (Figure 2). The 
radioactivity of the water-extractable proteins was 
much higher than that of myosin on the second 
day, then it decreased exponentially. 


x Water extractable muscle proteins 
Myosin 


4 


10 days 


Fic. 2. RADIOACTIVITY OF MYOSIN AND WATER-EX- 
TRACTABLE PROTEINS, MOUSE STRAIN RAP. The radio- 
activities are measured on 40 mg of protein on planchets 
of 1.52 cm* surface and expressed in counts per minute. 


Free glycine of muscle (Figure 5). The spe- 
cific activity of free glycine decreased exponen- 
tially from the second day. 


Dystrophic mice and normal litter mate (strain 
129) 


The mice were killed at the sixth hour and on 
the first, second, fourth, sixth and fifteenth days 
after the injection of C'*-glycine. 

Myosin (Figure 3). In the normal litter mate 
the radioactivity was constant between the first 
and the fifteenth days. In the dystrophic mice 
the radioactivity increased until the fourth day, 
when it was twice as high as that in the normal 
mice. After the sixth day it decreased, and on 
the fifteenth day the value of the radioactivity was 
close to that of the normal mice. 

W ater-extractable proteins (Figure 4). In nor- 
mal as well as in dystrophic mice the radioactivity 
increased until the twenty-fourth hour and then 
decreased, but the variation as a function of time 
was much larger in the dystrophic than in the nor- 
mal mice. The ratio of the radioactivities was 2 in 
the twenty-fourth hour and 1.3 on the fifteenth 
day. 

Free glycine of muscle (Figure 5). The spe- 
cific activity of free glycine decreased exponen- 
tially until the first or second day, then the slope 
of the semilogarithmic curve changed. The de- 
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Fic. 3. Raproactiviry oF Myostn. The _ radioac- 
tivities are measured on 40 mg of protein on planchets 
of 1.52 cm’ surface and expressed in counts per minute. 


crease, however, remained exponential until the 
fifteenth day, confirming the results previously ob- 
tained (12). The curves of the specific activity 
were approximately the same in the normal and 
in the dystrophic mice. 


DISCUSSION 


This work on normal mice confirms the re- 
sults obtained with rats (5, 6). Myosin does 
not show any apparent turnover in mice on a 
normal protein diet. The constancy of the radio- 
activity seems to substantiate a life span of the 
myofibrils of 30 days in the rat, and 20 days in 
the mouse, according to the present work. After 
the decline of the specific activity at about the 
twenty-second day, the radioactivity of the myo- 
sin presents a second plateau which could be easily 
explained by the re-utilization of the labeled amino 
acids liberated by the degradation of the radio- 
active myosin ; such a re-utilization has been shown 
to occur with radioactive iron in hemoglobin. 
Water-extractable proteins show an exponential 
decrease, which means that the sarcoplasmic pro- 
teins are subject to turnover. 

The acceleration of protein metabolism in dys- 
trophic mice has been demonstrated by Simon, 
Lessell, Gross and Milhorat (13). These au- 
thors injected C**-leucine into mice and observed 
a faster incorporation of the amino acids into the 
proteins and a faster rate of disappearance from 
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the proteins in the dystrophic animals. The more 
recent knowledge of the myofibrils’ life span and 
the isolation of pure myosin provide some informa- 
tion on the localization of the biochemical lesion. 
The lesion may be localized at a molecular, a sub- 
cellular, or a cellular level. The difference in be- 
havior cannot be explained by a modification of 
the permeability of the muscle cell to glycine, since 
we have not found any significant difference be- 
tween the specific activity of free glycine in normal 
and in dystrophic mice. Nevertheless, a differ- 
ence of penetration of radioactive glycine into the 
cells in the first hours after the injection cannot 
be excluded. It would explain the more rapid 
increase of radioactivity but not the more rapid 
subsequent decrease. 

At a molecular level results could be partly ex- 
plained by an acceleration of muscle protein turn- 
over according to the hypothesis of Simon and co- 
workers (13). We have previously shown that 
in rats submitted to a high protein diet, myosin 
shows a slow turnover which, in rats submitted to 
a standard diet, was disguised because of the re- 
utilization of radioactive glycine. In rats sub- 
mittec to such a diet the radioactivity of myosin 
declined progressively. In pathological conditions, 
with accelerated turnover of myosin, the turnover 
can become apparent even with the standard diet. 
The finding of an acceleration of the turnover of 
the water-extractable muscle proteins is in keep- 
ing with a general acceleration of the turnover of 
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Fic. 4. RADIOACTIVITY OF WATER-EXTRACTABLE PRO- 
TEINS. The radioactivities are measured on 40 mg of 
protein on planchets of 1.52 cm? surface and expressed in 
counts per minute. 
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Fic. 5. SPECIFIC ACTIVITY OF FREE GLYCINE OF MUSCLE. 


The specific activities are expressed in counts per min- 
ute per millimole of DN P-glycine. 


all the muscle proteins. However, an accelera- 
tion of the turnover should lead to a faster rate of 
incorporation of the labeled glycine into myosin. 
Figure 3 shows that in dystrophic mice there is 
a rise in the radioactivity of myosin during the 
first four days instead of for one day as in normal 
mice. A possible explanation of this discrepancy 
might be the release of amino acids derived from 
the degradation of radioactive water-extractable 
proteins and their utilization inside the cell for 
the synthesis of new myosin molecules. 

At the subcellular level, these results could be 
interpreted by a shorter life span or by the ab- 
sence of a life span of myofibrils, as in the case of 
the red blood cells in hemolytic and sickle cell 
anemia. This hypothesis, however, would only 
explain the acceleration of the myosin turnover. 
Due to the relatively small number of experiments, 
it would be impossible to make any distinction 
between an absence of a life span of the myofibrils 
and a shorter life span of these particles which 
would involve a short plateau. 

At the cellular level, the results could be ex- 
plained by a shorter life span of the muscle cells, 
with an acceleration of the formation of new cells. 
Michelson and associates (1) have seen, in dys- 
trophic mice, division of muscle fibers into two or 
three parts. A more detailed study is still needed 
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since the life span of the muscle cell has not yet 
been established. It seems that the results pre- 
sented here could be explained by an acceleration 
of the turnover of muscle proteins or by a shorter 
life span of the muscle cells, or by both hypotheses. 
It is not possible at present to determine which 
of these two hypotheses may be correct, but the 
first seems more likely. An acceleration of the 
turnover of the muscle proteins is probably the 
most important abnormality of muscle protein 
metabolism in dystrophic mice. It would be im- 
portant to know whether or not the same ab- 
normality occurs in human muscular dystrophy. 


SUMMARY 


The authors have studied the metabolism of 
myosin and water-extractable proteins in normal 
mice and in mice with hereditary muscular dys- 
trophy. 

1. In normal mice the constancy of the radio- 
activity of myosin favors the interpretation of a 
life span for the myofibrils of approximately 20 
days. The radioactivity of the water-extractable 
proteins decreases exponentially, due to a turn- 
over of these proteins. These results are in agree- 
ment with those obtained previously in rats. 

2. In dystrophic mice the radioactivity of myo- 
sin increases for the first four days, then decreases 
without a plateau. The turnover of the water-ex- 
tractable muscle proteins is highly accelerated. 
These results can be interpreted as representing a 
shorter life span of the muscle cell, or of a part 
of the cell or, more likely, as an acceleration of the 
turnover of the muscle proteins. 
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Fernandes, Van de Kamer and Weijers (1) 
in studying a child with chylothorax found that 
the pattern of the fatty acids in the chyle was in- 
fluenced by the kind of fat fed, but significant dif- 
ferences between chyle and dietary fat always re- 
mained. Recent experiments with carboxyl-la- 
beled fatty acids by Blomstrand and co-workers 
(2-4) indicate that the chyle triglycerides con- 
stitute the main transport form of ingested fatty 
acids in man. Detailed information about the in- 
fluence of dietary fatty acids on the fatty acid 
composition of the different lipid classes of human 
chyle is, however, still lacking. Furthermore, in 
order to effectively evaluate studies on the post- 
absorptive metabolism of chylomicron fatty acids, 
it is necessary to ascertain the nature of the fatty 
acid components of the various chyle lipids of 
thoracic duct lymph. 

Development of methods for obtaining thoracic 
duct lymph from human beings (5) and _ the 
analysis by gas-liquid chromatography (GLC) of 
the different lipids of human chyle after feeding 
a well defined triglyceride has made it possible to 
study the relationship between the fatty acid pat- 
terns of the different lymph lipid classes and the 
dietary fat. 

EXPERIMENTAL 

Experimental design. Patient A of this study was a 
56 year old man with inoperable adenocarcinoma of the 
left lung. He was in good condition during the whole 
investigation. He was nourished for 6 days solely by an 
orally administered liquid formula (Table I)  supple- 
mented with vitamins and minerals (6). The daily in- 
take of formula was divided into 5 equal portions fed 
at 7 and 10 a.m. and at 1, 4 and 7 p.m. Tea or coffee 
was offered ad libitum. The fat in the formula diet con- 
sisted of a sterol-free triglyceride with fatty acid com- 
position according to Table II. 


* This work is part of the investigations supported by 
the Swedish Medical Research Council and the Scientific 
Council of the Swedish Dairies Association. 


On the third day of the experimental period the thor- 
acic duct was cannulated as described earlier (5) and the 
lymph was collected for a 10 minute period every hour 
during the next 36 hours. After that time the catheter 
was withdrawn without any untoward effect. On the 
fourth day of the experiment the first formula was fed at 
7 a.m. and the rest of the day the formula was fed every 
third hour. 

The lymph was collected for 10-minute periods in 
ethanol to prevent any enzymatic hydrolysis during the 
collection time. The feces were collected in ethanol and 
stored in an icebox until analyzed. 

Patient B of this study was a 60 year old man with 
adenocarcinoma of the right lung. He was in good con- 
dition during the investigation and was fed a general 
mixed diet. The lymph sample analyzed was collected 
from the thoracic duct during the peak of fat absorption 
after feeding a fat-rich breakfast. 

Extraction and fractionation of lymph lipids. The 
total lipids of the lymph were extracted with 20 volumes 
of ethanol: ether, 3:1. The solvent was evaporated in 
vacuo, and the total lipids were taken up in petroleum 
ether (bp 60 to 70°C) and made up to volume. Aliquots 
were subjected to chromatography on silicic acid in or- 
der to obtain a neutral fat free fatty acid fraction and a 
phospholipid fraction (7, 8). The free fatty acids were 
then removed from the neutral fat by extraction with 
alkaline 50 per cent ethanol and re-extraction of the 
fatty acids with light petroleum after acidification. The 
neutral fat fraction (glycerides, cholesterol and cho- 
lesterol esters) were subjected to chromatography on 
silicic acid for separation of cholesterol esters and a 
triglyceride + cholesterol fraction (Table III). 


TABLE I 


Composition of liquid formula diet fed daily as sole source 
of nutrients to Patient A* 


Constituents 


g 
Triglycerides, sterol-free 

Milk protein 470 
Dextrose 670 
Water 5,000 


* The patient was fed 300 ml five times a day; 1,500 ml 
of this formula contains approximately 1,900 calories. 
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TABLE II 


The fatty acid patterns in human thoracic duct lymph lipids after feeding a well defined triglyceride in a liquid 
formula diet (Patient A) and sampling of the thoracic duct lymph during active fat absorption* 


Triglyceride 
Fatty acid fed 


Thoracic duct lymph lipids 


Ch.E. 


Saturated 


Lauric 
Myristic 
Pentadecanoic 
Palmitic 
Heptadecanoic 
Stearic 


Monounsaturated 
Palmitoleic 
Oleic 

Diunsaturated 
Linoleic 

Polyunsaturated 


Linolenic 
Arachidonic 


Sumt 99.8 


2.8 
97.0 


0. 
3. 
2. 
99. 


99.9 93.9 99.9 


*TG = triglyceride fatty acids, FFA = free fatty acids, Ch.E. = cholesterol ester fatty acids, PL = phospholipid 
P 


fatty acids. 
bonds. 


The component fatty acids are also designated by a dual symbol giving chain length and number o! 
Values are expressed as percentage of total fatty acid methyl esters. 


double 


+ The sum of each column is less than 100 per cent because trace amounts of unusual fatty acids detected were 


omitted from the final tabulation. 


The lipids in aliquots of the test meals were extracted 
by the same method as that described for extraction of 
lymph lipids. Extraction was also made on the daily 
amount of wet feces with alcohol and ether as described 
earlier (9). The different lipid fractions were saponified 
and the fatty acids isolated as described previously (2). 
Methyl esters of the fatty acids were made by treating 
the fraction with a solution of diazomethane in ether. 
After standing, the ether and the diazomethane were 
carefully evaporated on the water bath. The methyl es- 
ters were dissolved in petroleum ether and stored in a 
refrigerator until analyzed. 

The phospholipids were fractionated on silicic acid by 
the procedure described by Hanahan, Dittmer and Wara- 
shina (10). The loading ratio was 0.5 mg of lipid phos- 
phorus per g of silicic acid and the usual solvents were 
chloroform-methanol mixtures (4:1 and 1:4, vol/vol, 
respectively). The progress of the chromatographic 
fractionation was followed by phosphorus assay and paper 
chromatography. The fractions containing lecithin were 
further rechromatographed on aluminium oxide (4) be- 
cause the pure lecithin thus obtained reacted more satis- 
factorily with phospholipase A (Crotalus adamanteus 
venom ). 

Lecithin prepared from the lymph lipids of Patient A 
(Table IV) (7.0 mg of lipid P) was dissolved in 100 ml 
of diethyl ether and treated with 2 mg of snake venom 


(Crotalus adamanteus) in 1 ml of aqueous 0.1 M calcium 
chloride solution. A fine stream of anhydrous am- 
monia was bubbled through the ether solution (11). A 
considerable amount of precipitate formed within two 
hours, and after four hours the solvent was removed by 
evaporation and reduced pressure. The residue was dis- 
solved in chloroform and applied to a column of 5 g of 
silicic acid. Elution was continued with chloroform 
until all fatty acids released by phospholipase A had been 
obtained. After removal of the solvent the methyl esters 
were prepared with diazomethane. Next, the column was 
eluted with chloroform: methanol 4:1 and 1:4, respec- 
tively, in order to separate unchanged lecithin from ly- 
solecithin. The fatty acids of the lysolecithin were ob- 
tained after hydrolysis, acidification and extraction with 
light petroleum. 

Analysis of fatty acid. GLC was carried out essen- 
tially as described by James and Martin (12) using an 
Argon Pye chromatograph with an ionization chamber 
as detector. The mobile phase (argon) was applied at a 
pressure of 72 cm Hg. Each four foot column was 
packed with acid-washed, alkali-treated celite 545 (mesh 
120 to 140). As stationary phase, a polar polyester (LHC- 
1R-296, obtained from Cambridge, Mass.) was used in 
the ratio celite: stationary phase, 4:1 (13). This col- 
umn had a retention time of 10 minutes for methyl 
stearate. The retention volumes of the normal fatty 
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TABLE III 


Composition of thoracic duct lymph lipids of Patient A after feeding a well defined triglyceride 
in a liquid formula diet and sampling of the thoracic duct lymph* 


Total cholesterol fat 
Lymph 


Fatty acids as per cent of total fatty acids 


volume 
per 
minute 


Patient Free 


Choles- Phospho- 
terol lipid 
F FA 


Triglyc- 
eride 


Total FFA 


4.4 
4.7 


86.0 
85.5 


11.0 
10.6 


2.7 


1.3 
1.6 


* The thoracic duct lymph was collected for 10-minute periods every hour during 36 hours. 
analyzed was collected at 11 a.m. on the fourth day of the experiment. 


period at 11 a.m. 


acids were determined using a mixture of pure esters 
of fatty acids obtained from the Hormel Institute (Austin, 
Minn.). Major acids were identified by comparison 
with the retention volumes of these pure standards. 
For identification the samples were also chromatographed 
at 240°C on a column with silicone oil (Dow-Corning 
high vacuum grease) as stationary phase in the ratio 
celite: silicone oil, 4:1. For determination of branched 
and unsaturated fatty acid, the samples were also run 
after hydrogenation. 

In this report fatty acids are numbered as suggested 
by Insull, Hirsch, James and Ahrens (14). Thus 18:0 
refers to the straight chain saturated C,, acid, stearic, 
18: 2=C,,-diene and so forth. 

Results were computed by the triangulation method. 


RESULTS 


Table III permits comparison of the analytical 
data for the dietary triglyceride fatty acids with 
the figures for the different lipid classes of the 
thoracic duct lymph. The lymph sample analyzed 
was collected four hours after feeding the first 
test meal at 7 a.m. on the fourth day of the ex- 
periment. The fecal fatty acids are from the 
stools collected on the fifth day of the experimental 
period. Data derived from analysis of fecal lipids 
are also shown. 

Lymph cholesterol esters. The fatty acids found 
in the ester linkage with a lymph cholesterol were 
chiefly oleic acid, 58.7 per cent, and palmitic acid, 
21.6 per cent. The concentrations of these fatty 
acids are very similar in the dietary triglycéride 
and the lymph cholesterol esters. Stearic acid, 
6.5 per cent, and linoleic acid, 19.8 per cent, were 
both found in higher concentration than in the 
dietary triglyceride. 

Lymph triglycerides. The fatty acid composi- 
tion of the lymph triglycerides is almost exactly 


The lymph sample 
Patient B was on a free diet during the collection 


the same as that in the fed triglyceride. Oleic 
acid, constituting 74.4 per cent of the fed triglycer- 
ide, is found in the high concentration of 70.2 per 
cent in the lymph triglycerides. Palmitic and 
stearic acid also have almost the same concentra- 
tion in the lymph triglycerides as in the diet. A 
remarkable difference is the higher concentration 
of linoleic acid, 7.7 per cent in the lymph triglycer- 
ides compared with 0.5 per cent in the diet. 

Phospholipid fatty acids. The composition of 
the phospholipid fatty acids is different from that 
of the dietary triglycerides, and the triglycerides 
and the cholesterol esters of the lymph. The ma- 
jor acids are oleic acid, 32.4, stearic acid, 14.6, and 
linoleic acid, 21.3 per cent. The major com- 
ponent of the lymph phospholipids is lecithin. A 
similar fatty acid composition has been described 
earlier for human lecithin on a general mixed diet 
(4). 

In Experiment A the lymph lecithin was iso- 
lated and the fatty acids freed by phospholipase A 
were determined with GLC (Table IV). In this 
fraction 85 per cent of the total fatty acids were 
unsaturated fatty acids. On the other hand, in 
the fatty acids isolated from the lysolecithin, 67 
per cent of the total fatty acids were saturated. 
In the fatty acids released by phospholipase A, the 
three major fatty acids were palmitic, 15.9, oleic, 
24.2, and linoleic acid, 34.7 per cent. Small 
amounts of myristic, pentadecanoic and stearic acid 
were also present, as well as palmitoleic, linolenic 
and arachidonic acid. 

Two fatty acids with 20 to 22 carbon atoms 
were present on the gas chromatogram. In the 
lysolecithin the three major fatty acids were pal- 
mitic, 33.2 stearic 26.8 and oleic acid, 25.2 per 
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TABLE IV 


The fatty acid composition of human thoracic duct lymph lecithin (Patient A) after feeding a well 
defined triglyceride in a liquid formula diet* 


Fatty acid 


Percentage of total fatty acids in respective 
positions of human lymph lecithin 
Fatty acids freed 
from lymph lecithin 
by phospholipase A 


Fatty acids obtained 
after hydrolysis of 
lysolecithin 


Saturated 
Myristic 
Pentadecanoic 
Palmitic 
Heptadecanoic 
Stearic 

Monounsaturated 
Palmitoleic 
Oleic 

Diunsaturated 
Linoleic 

Polyunsaturated 


Linolenic 
Arachidonic 


Sumt 


95.9 


* The lecithin was purified by silicic acid column chromatography and hydrolyzed with phospholipase A. 


planation of symbols see Table II. 


For ex- 


7 The sum of each column is less than 100 per cent because trace amounts of unusual fatty acids detected were 


omitted from the final tabulation. 


cent: Small amounts of palmitoleic and linoleic 
acid were also present. 

The composition of the lymph phospholipid 
fatty acids is apparently not influenced to any 
high degree by the fed dietary fatty acids. 

Free fatty acids (FFA). This fraction was ob- 
tained from the human thoracic duct lymph after 
isolation of a neutral fat plus FFA fraction from 
the phospholipids on silicic acid. The FFA were 
then extracted with alkaline 50 per cent ethanol 
and recovered into light petroleum after acidifica- 
tion. 

The major FFA in both experiments was pal- 
mitic acid comprising 20.3 and 24.6 per cent, re- 
spectively. In Experiment A oleic acid constituted 
only 19.5 per cent compared with 74.2 per cent 
in the diet. An interesting finding was the rela- 
tively high percentage of palmitoleic acid in both 
experiments, 12.2 and 18.6, respectively. In Ex- 
periment B there was more palmitoleic acid than 
oleic acid in the FFA. In both experiments there 
was a clear tendency to higher concentrations of 
fatty acids with 10 to 15 carbon atoms in the free 
fraction. 


In Table V the results of the analyses of the 
lymph lipids obtained from Patient B are shown. 
This patient was fed a general mixed diet during 
the whole experimental period. From the ana- 
lytical data in Table V it is apparent that the three 
lymph lipid classes analyzed have three distinctly 
different fatty acid patterns. 

The three major components of the lymph tri- 
glycerides are myristic, palmitic and oleic acid. 
Oleic acid is, however, not so predominant as in 
the experiment with Patient A, in which the major 
component in the fed triglyceride was oleic acid. 

The general picture of fatty acid pattern of the 
lymph phospholipids was similar in the two pa- 
tients, but there were slight differences in the 
percentages of some of the components present. 
In particular, the lymph phospholipids of Patient 
B contained more linoleic acid. 

Regarding the fecal fatty acids analyzed from 
Patient A, significant differences can be found 
between the fed composition of the fed fatty acids 
and the fecal fatty acids. The diet was very well 
absorbed and from earlier experiments (1) it can 
be expected that about 50 per cent of the fecal 
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TABLE V 


The fatty acid patterns in human thoracic duct lymph lipids of Patient B after feeding a general mixed diet and 


Thoracic duct lymph lipids 


Fatty acid 


Ch.E, 


Saturated 
Decanoic 
Undecanoic 
Lauric 
Myristic 
Pentadecanoic 
Palmitic 
Heptadecanoic 
Stearic 


Monounsaturated 


Myristoleic 
Palmitoleic 
Oleic 


Diunsaturated 


Linoleic 


Polyunsaturated 
Linolenic 


Sumft 


o 
“e 


98.3 97.5 


* For explanation of symbols see Table II. Values are expressed as percentage of total fatty acid methyl esters. 
+ The sum of each column is less than 100 per cent because trace amounts of unusual fatty acids detected were 


omitted from the final tabulation. 


The fecal fatty 


fatty acids are of dietary origin. 
acids are somewhat more saturated and they con- 
tain significantly more stearic acid, which may 
in part originate from hydrogenated oleic acid in 


the diet (15). Especially interesting is the pres- 
ence of fatty acids with 20 to 22 carbon atoms. 
The exact nature of these fatty acids has not yet 
been determined. Analyses of human bile (16) 
have revealed the presence of fatty acids belonging 
to the C,, and C,, groups in the bile lipids. 


DISCUSSION 


Although the fatty acid composition of the total 
fat of human chyle was determined earlier (1), 
there has been little information reported until 
recently (4) on the composition of the individual 
lipids of human thoracic duct lymph. Dole and 
associates (17) have reported the fatty acid com- 
position of human chylomicra in plasma during 
fasting and alimentary lipemia. It was found 
that neither the chylomicra nor any other frac- 
tions acquired the pattern of dietary fat during 
the period of lipemia. As is apparent from the re- 


sults of this investigation (Table II) the fatty 
acids of the lymph triglycerides acquired very 
rapidly the patterns of dietary fat during the ab- 
sorption process. The triglyceride fatty acids of 
human chyle constitute approximately 85 per cent 
of the total fatty acids of chyle, and the relative 
stability of the plasma fatty acid reported during 
absorption (17) must depend on a rapid removal 
of the chylomicron fatty acids, presumably by the 
liver, and recycling of fatty acids between blood 
and tissue pools, 

It is of interest to note that the FFA pattern of 
the human thoracic duct lymph did not follow 
changes in the triglyceride pattern, nor was it in- 
fluenced by the fed fat. Apparently this fraction 
was not derived from lipolysis of the lymph tri- 
glycerides. This fraction may represent the surn 
of albumin-bound FFA originating from serum 
as well as FFA derived from the fat depots 
drained by the lymph. These results also confirm 
other experiments in rats (18) and in man (2). 

The fatty acid composition of the cholesterol 
esters was highly influenced by the dietary tri- 
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glyceride as shown by the high percentage of oleic 
acid (Table II). Apparently dietary fatty acids 
are used for esterification of cholesterol during the 
absorption process. In view of recent studies of 
the effects of unsaturated and saturated fatty acids 
on serum cholesterol levels (19) and the demon- 
stration that cholesterol excretion by intestine is 
in part controlled by the composition of the dietary 
fat (20), the finding in this investigation of a 
dietary effect on the fatty acid composition of the 
lymph cholesterol esters might have some bearing 
on the direct control of the absorption of choles- 
terol. Different fatty acids might influence the 
absorption of endogenous and dietary cholesterol 
from the intestine in such a significant way that 
the effects of dietary fatty acids on the serum cho- 
lesterol might be mainly an absorption effect. It 
will be of interest to continue these studies with 
comparison of variously constituted dietary fats 
on the absorption of cholesterol in patients with 
thoracic duct fistula. 

In the lymph phospholipids the fatty acid com- 
position was not influenced to any significant de- 
gree by the dietary fat. The fatty acid composi- 
tion of the lymph phospholipids was in fact very 
similar in the two experiments, in spite of the dif- 
ferent diet fed. Most of the phospholipids of the 
lymph represent endogenous phospholipids in 
agreement with previous experiments in animals 
(21) and in man (2, 4). 

According to a recent work by Tattrie (22) 
the site of the attack of phospholipase A should 
be at the C-2 (beta) position instead of at the 
C-1 (alpha) position as has been proposed by 
Hanahan (23). According to this new con- 
cept the unsaturated fatty acids predominated in 
the C-2 (beta) ester position, although satu- 
rated fatty acids such as myristic, palmitic and 
stearic acid were also isolated from this position. 
In the C-1 (alpha) position saturated fatty acids 
predominated but oleic acid constituted the same 
percentage of the total fatty acids in both positions 
(4). A small amount of palmitoleic and linoleic 
acid was also obtained in the C-1 position. Ap- 
parently there is an asymmetrical distribution of 
many fatty acids in the human lymph lecithins. 
This asymmetrical distribution is, however, not 
obligatory, as can be seen from the finding that 
oleic acid is distributed almost equally between the 
C-1 (alpha) and the C-2 (beta) positions. A 
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similar distribution pattern for oleic acid has re- 
cently been obtained in liver lecithins of rat (24). 

Apparently there are several different lecithins 
present in the lymph and for a more explicit un- 
derstanding of their metabolism it is necessary to 
isolate the individual species. The pronounced 
positional asymmetry of the fatty acids of the 
lecithin molecules of the lymph also indicates that 
for complete elucidation of the metabolic path- 
ways of the different fatty acids during the ab- 
sorption process the positional location of the in- 
dividual fatty acid on both phospholipids and 
triglycerides must be considered. 


SUMMARY 


1. Analyses were made of the fatty acid com- 
position of the lipid components of human thoracic 
duct lymph by gas liquid chromatography. 

2. The fatty acid distribution in the lymph tri- 
glycerides and the cholesterol esters was largely 
influenced by the dietary fat. The free fatty acids 
had quite another pattern than did the lymph tri- 
glycerides and were not influenced by the dietary 
fat. 


3. The phospholipid fatty acids were influenced 


very little by the dietary fat. An asymmetrical 
distribution of the fatty acids of the lymph lecithins 
uninfluenced by the fat fed is described. 
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Bence Jones (1), in 1848, described an unusual 
protein present in high concentration in the urine 
of a patient suffering from multiple myeloma. 
Similar urinary proteins have subsequently been 
found in many cases of this disease, and are desig- 
nated by the collective term “Bence Jones pro- 
tein.” They are characterized by their behavior 
when heated in solution, usually giving two identi- 
fying reactions if present in sufficient concentration 
(2, 3): a) with the pH near 5, precipitation oc- 
curs between 45° and 60° C; b) subsequent heat- 
ing to boiling causes complete or partial solution 
of the precipitate, which re-forms on cooling. 

Studies of other physicochemical properties have 
given rather diverse results. Molecular weights 
in the range 24,000 to 90,000 have been calculated 
(4), with a median about 44,000 (3). Total and 
N-terminal amino acid analyses have given vary- 
ing results (3, 5). Despite this heterogeneity of 
the group as a whole, specimens from any one 
individual have usually tended to physical and 
chemical homogeneity (5). 

Recent studies of antigenic structure (6, 7) 
suggest that all Bence Jones proteins are anti- 
genically related to the serum gamma globulins. 
In addition, any individual Bence Jones protein 
lacks some gamma globulin determinants, but 
possesses determinants unique for a group of Bence 
Jones proteins (7) and possibly for itself alone 
(8). 

There is lack of agreement on conditions of oc- 
currence of this protein in urine. A positive heat 
test has been said to be almost pathognomonic of 
multiple myeloma and to be present in about 50 
per cent of cases of this disease (9); however, 
sporadic reports occur (10, 11) of detection of the 
protein by this method in other diseases. Im- 
munochemical testing is reported to detect it in 
practically all cases of myeloma (12), and in some 
cases of other diseases (13). 


* Reginald Maney Lake and Amy Laura Bonamy Re- 
search Fellow. 


This paper describes attempts to detect Bence 
Jones protein by immunochemical means in nor- 
mal serum and urine. An antiserum to gamma 
globulins ' was used. Any protein detected by its 
reaction with this antiserum must be further char- 
acterized in order to distinguish gamma globulins, 
Bence Jones protein, and any other gamma-re- 
lated protein. Criteria for such characterization 
were: heat stability at 55° C, solubility of heated 
products at 98° C, and diffusion coefficient. 

The main investigation consists of studies of 
solutions of serum and urine protein, and of fil- 
trates obtained from these at 55° and 98° C, Two 
preliminary experiments on gamma globulins and 
Bence Jones proteins were thought necessary to 
assess rates of denaturation at 55° C, solubility of 
denatured products at 98° C, and antigenic ac- 
tivity® of protein remaining in solution after 
heating at these temperatures. 


MATERIALS AND METHODS 


The protein solvent used extensively in this work con- 
sisted of 0.15 M NaCl-0.2 M, pH 5, sodium acetate buf- 
fer, 4:1 vol/vol; this is subsequently referred to as 


1The antiserum was prepared to Cohn Fraction II, 
which contains about 80 per cent of the plasma gamma 
globulins. These globulins also occur in Fraction III-1 
(14), which was therefore included in physicochemical 
studies. The gamma globulins have a predominant com- 
ponent of sedimentation rate 7S and a minor component 
of 19S; these show some antigenic differences (15). 

Protein antigenically related to the gamma globulins, 
ie., reacting with antibodies prepared to them, is desig- 
nated “gamma-related.”. Gamma-related proteins are 
known to include 7S and 19S gamma globulins, myeloma 
serum globulins, pathological macroglobulins and Bence 
Jones proteins (3). 

An antiserum to gamma globulins can be expected to 
react with all Bence Jones protein (7), although some 
of these may be antigenically distinct from each other 
(7, 8), ie., an antiserum to any single such pathological 
protein need not react with all others. 

2 The term “antigenic activity” is used to refer to the 
degree of interaction of considered proteins with a given 
antiserum, interaction being estimated by precipitin, pre- 
cipitin-inhibition or other method. 
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“saline-acetate.” “Sixty per cent saturated” ammonium 
sulfate implies 43 g of the salt per 100 ml of solvent, 
representing 60 per cent saturation at 2° C. 

Serum gamma globulin fractions were obtained from 
Commonwealth Serum Laboratories, Melbourne, Aus- 
tralia. Bence Jones proteins (BJ1 to BJ6) were obtained 
from urines of 6 patients (selected from 18) suffering 
from multiple myeloma. The proteins were isolated by 
repeated precipitation with 60 per cent saturated am- 
monium sulfate. 

Normal urine and serum were obtained from 7 healthy 
adults, A to E, males, and F and G, females. Urine was 
collected over a 24 hour period. After each voiding 
merthiolate was added to 0.01 per cent and the urine 
was immediately refrigerated. On completion of col- 
lection any deposits were removed by filtration, and con- 
centration by ultrafiltration was begun immediately. 
When the residual volume had reached about 50 ml it 
was dialyzed against saline-acetate. Solid ammonium 
sulfate was added to 60 per cent saturation and the mix- 
ture equilibrated overnight at 2° C. The precipitate was 
packed by centrifugation and, if not used immediately, 
stored under moist conditions at 2° C. Two precipitates 
from Subject A contained 8.2 and 9.0 mg of nondialyzable 
nitrogen. Serum was obtained during the urine col- 
lection period. One ml was diluted to 10 ml with sa- 
line-acetate and the protein was precipitated and stored 
as detailed for the urine concentrates. 

For use in Experiment 3 precipitates were dispersed 
in saline-acetate: those from urine in 1 ml, those from 
serum in 5 ml (but sometimes in different volumes, as 
indicated in the tabulated results). Any substance not 
dissolved after 2 hours at 37° C was removed by centri- 
fugation. Serum precipitates dissolved readily with 
negligible insoluble residue. Urine precipitates dissolved 
incompletely, with a dark brown to black residuum usu- 
ally containing less than 0.5 mg of nondialyzable nitrogen ; 
the solutions were of deep brown color with a strong 
uriniferous odor. Proteins finally obtained in solution 
are subsequently referred to as “globulins.” 

Ultrafiltration was performed by a modification of the 
method described by Grant (16). The sample was fil- 
tered through 4 feet of 24/32 inch Visking dialysis casing 
held linearly inside a 3 inch diameter Perspex tube, a 
vacuum of 720 mm Hg being maintained outside the cas- 
ing. Stretching of the casing was prevented by enclos- 
ing it in a steel mesh tube of the same diameter. Con- 
centration of 1 L of urine to 50 ml required about 30 
hours. Of 100 mg of Bence Jones protein dissolved in 
1 L of buffered saline, over 95 per cent remained after 
concentration to 45 ml. 

Protein quantitation was usually by a biuret method. 
This was inapplicable to small amounts of protein re- 
covered from large urine volumes because of the ab- 
sorbance of considerable associated pigment; in these 
cases nondialyzable N was determined by the Kjeldahl 
method. The biuret method was modified from that de- 
scribed by Goa (17). Protein was precipitated by tri- 
chloroacetic acid and separated by centrifugation at at 
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least 10,000 G for 15 minutes. To the precipitate was 
added a 4 per cent solution of Goa’s Benedict reagent in 
3 per cent NaOH. The absorbance at 350 mu was read 
after 15 to 60 minutes. The amount of protein was then 
determined from a curve constructed from gravimetric 
fraction II-1, 2 standards. For estimation of insoluble 
protein the biuret reagent was added directly to washed 
precipitate, which always dissolved readily. 

Antisera to Fraction II were prepared in rabbits by 
single 4 week courses of intravenous alum-precipitated 
protein as recommended by Kabat and Mayer (18). 
Sera were decomplemented with bovine serum albumin 
(BSA)-antiBSA specific precipitate and stored at — 30° 
C. Results presented in this paper were obtained by using 
a single pool of 6 sera. By the immunoelectrophoretic 
technic (19) this pool contained antibodies only to the 
gamma antigenic group among the serum proteins. 

Precipitin tests in agar gel, using the double diffusion 
plate method, were performed essentially as described by 
Ouchterlony (20). Reservoirs were filled only once. 
Quantitative precipitin tests were porformed as detailed 
by Kabat and Mayer (18), except that precipitates were 
estimated by a biuret instead of a Kjeldahl method. 
Analyses of supernatants for free antigen or antibody 
were carried out by precipitin tests on Ouchterlony plates. 

The precipitin-inhibition test consisted of incubating an 
excess of antiserum with the sample of unknown anti- 
genic activity and subsequently titrating residual anti- 
body ; titration involved assessing how much Fraction II 
had to be added to a given volume of antiserum in order 
just to produce antigen excess. One ml of the unknown 
preparation (made up to final volume with phosphate- 
buffered saline to bring the pH to 7.0+0.2) was incu- 
bated with 1 ml of antiserum at 37° C for 1 hour, then 
at 2° C for 24 hours. Precipitate was spun off and 0.2 ml 
lots of the supernatant were added to a series of tubes con- 
taining amounts of Fraction II in geometric progression 
with common ratio 1.2. The tubes were incubated and 
antigen excess then sought by precipitin tests on Ouchter- 
lony plates. 

Heating and filtering were standardized as follows. 
Solutions in narrow tubes were placed in a water bath 
kept at the indicated temperature; timing was begun 
from this moment. The tubes were stoppered after an 
interval allowing the contents to approach ambient tem- 
perature and were intermittently agitated. All filtrations 
were through Whatman no. 542 paper in an oven held 
within the indicated temperature range; funnels were 
covered to minimize evaporation. Filtering of urine 
globulins at 98° C had to be assisted by slight suction; 
the same degree of suction was applied for the serum 
globulins. 


RESULTS 


Bence Jones proteins and gamma globulins; 
heat stability and solubility of heated products. 
These results describe essentially endpoints at- 
tained in the overall reaction (dissolved protein = 
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TABLE I 


Protein solutions heated at 55 + 1° C for 15 minutes 
then filtered at 55 + 2° C for 15 minutes 


Protein 


<a ue/ml 
Original 
concentrations 


Concentrations 
in filtrates of: 


Fraction I]-1,2 
Fraction I1-3 
Fraction III-1 


* Turbidity not noted prior to filtering. . 
t Slight turbidity after 15 minutes, persisting in filtrates 
obtained at 55° C or at room temperature. 


precipitated protein) on heating various prepara- 
tions at 55° or 98° C. The solvent used through- 
out was the pH 5 saline-acetate. With heating 
and filtering standardized as previously described, 
results varied by up to 20 per cent when duplicate 
experiments were run at different times. The 
averaged results presented should therefore be 
taken to indicate an order of magnitude only. 


TABLE II 


Proiein solutions heated in a boiling water bath for 5 
minutes then filtered at 98 + 4° C for 5 minutes 
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Table I sets forth the results of heating and fil- 
tering at 55° C for durations used in Experiment 
3. Effects of varying the duration of heating were 
studied by removing solutions from the water 
bath at intervals, chilling, and centrifuging in the 
cold. Precipitation of most Bence Jones proteins 
reached a plateau at about 40 minutes, the extent 
of precipitation being similar to that shown in 
Table I; maximal precipitation of BJ2 required 
160 minutes. 

Table II shows the results of heating and filter- 
ing at 98° C, again for durations used in Experi- 
ment 3. Material used for the experiment de- 
picted in Table III was obtained by heating the 
indicated protein at 70° C and washing the result- 
ing precipitate with saline-acetate at room tem- 
perature; in no case was much precipitate lost in 
washing. The precipitates were suspended in sa- 


TABLE III 


Suspensions of washed precipitates of denatured proteins 
heated in a boiling water bath for 5 minutes then filtered 
at 98 + 4° C for 5 minutes 


Protein 
remain- 
ing in 
solution 
at room 
temperature 


Total 
protein 


Precipitate of in filtrate 


ug/ml 
820 
780 
900 


BJ1 
BJ2 


BJ6 
Fraction I1-1,2 


Protein 


ue/ml ug/ml 


5,000 


Original 
concentrations 


Concentrations in 
filtrates of: 


Fraction I1-1,2 

Fraction II-3 

Fraction III-1 

Fraction II + BJ2, 4:1 280t 
24:1 50t 


Fraction Il + BJ4, 4:1 205t 
24:1 55} 


* Solution clear prior to filtering. 

tt Compare recoveries from solutions containing only 
BJ2 or at concentrations (1,000 yg per 
ml and vg per ml) 


line-acetate, then heated and filtered at 98° C. 
All Bence Jones filtrates became turbid at room 
temperature; protein concentrations were there- 
fore determined in the total mixtures and in sec- 
ond filtrates obtained at room temperature. The 
latter filtrates again became turbid on heating at 

Bence Jones proteins, gamma globulins and 
heated products; immunochemical studies. Pre- 
cipitin reactions in agar plates are depicted in 
Figures 1 and 2. In Figure 2 one can compare 
the precipitate bands formed by a native Bence 
Jones protein (BJ6) and by a solution (BJ6dn) 
obtained on dissolving, at 98° C, a washed heat 
precipitate of the same protein. Note the absence 
of “spur” formation on the coalescence, the similar 
curvatures and the similar locations along the 
antiserum-antigen radii. Such a lack of distinction 


— 
ee 
we/ml 
200 
BJ1 2,000 530 190 
BJ3 1,600 510 
BJ4 1,200 380 
BJ5 1,800 600 
BJ6 1,700 710 210 
5,100* 
520° 
1,050t 
ug/ml 
1,000 
1,200 | 
1,050 
— 
BJ1 1,800 1,300 | 
BJ2 1,200 1,200 230* 
BJ3 900 850 230* 
B}4 680 490 240* 
BJS 1,050 1,100* 
BJ6 1,400 —-1,300* | 
<10 
<10 
pay 


between native and heated preparations was also 
obtained a) using the five other Bence Jones pro- 
teins; b) using antisera prepared to a Bence 
Jones protein (BJ1) or to a heat precipitate of 
this protein. 

Figures 3 and 4 depict quantitative precipitin 
reactions of the antiserum with its homologous 
antigen (Fraction II), a Bence Jones protein 
(BJ6) and several heated preparations of BJ6. 

With all six Bence Jones proteins, precipitin- 
inhibition tests failed to show any difference in 
antigenic activity between native protein and pro- 
tein remaining in solution after filtering at 98° C. 
The small amounts of protein in 98° C filtrates of 


Fic. 1. 
RUM (CENTRAL WELL) WITH FRACTION 11 AND BENCE 
JONES PROTEINS. 


AGAR PRECIPITATION PATTERNS OF ANTI-II SE- 


Fractions II and III-1 gave the same precipitin- 
inhibition as did the native proteins at these low 
concentrations. 

Serum and urine globulins; immunochemical 
studies. Samples from A were examined on five 
occasions, from other subjects once. Solutions 
were fractionated for study of a) unheated solu- 
tions, filtered at room temperature; )) filtrates 
obtained by heating at 55 + 1° C for 15 minutes, 
then filtered at 55 + 2° C for 15 minutes; c) fil- 
trates obtained by heating in a boiling water bath 
for 5 minutes, the. filtered at 98+ 4° C for 5 
minutes. 

Turbidity on heating at 55° C occurred as indi- 
cated in Table IV; the deep brown color of urine 
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JONES PROTEIN (BJ6pN). 


Fic. 2. AGAR PRECIPITATION PATTERNS OF ANTI-II SE- 
RUM WITH FRACTION A BENcE JONES Protetn (BJ6), 
AND A SOLUTION PREPARED FROM HEAT-DENATURED BENCE 
Approximate amounts of anti- 
gen placed in each well are shown. 


solutions prevented detection of slight turbidity. 
On heating in a boiling water bath flocculent pre- 
cipitate appeared, in greater density in the se- 
rum solutions; filtrates from both solutions were 
clear and did not become turbid on cooling. 

Agar precipitin patterns are shown in Figures 
5 and 6. Unheated serum globulin solutions gave 
the heaviest precipitate in a narrow, straight zone. 
In addition, a second band, farther from the anti- 
serum reservoir and corivex to it, was usually dis- 
cernible. This pattern remained unchanged after 
heating and filtering at 55° C. Filtrates obtained 
at 98° C never gave a visible precipitate. 

Unheated urine globulins also gave a straight 
zone of precipitate. A second zone always oc- 
curred nearer the antiserum reservoir and con- 
cave to it; this consisted either of one broad band 
or of two parallel bands with little separation. 
Heating and filtering at 55° C regularly changed 
this pattern: the curved zones of precipitate be- 
came less dense and of less obvious curvature, and 
moved closer to or merged with the straight zone. 
With filtrates obtained at 98° C only the curved 
zone of precipitate appeared. This was always 
present, was similar to but fainter than the curved 
zone formed by unheated solutions, and gave with 
this zone a “reaction of identity” (20). 

Precipitin-inhibition tests provided semiquan- 
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Precipitate 


antibody] 
lontigen 


—o——o- Fraction IT 
~e—e-BJ 6 


[Analyses of supernates 


40 80 


120 160 200 


Antigen Cadded to 025ml antiserunp 


Fic. 3. QUANTITATIVE PRECIPITIN REACTIONS OF ANTI-II SERUM WITH FRACTION II 
AND A BENCE JONES PROTEIN. 


titative confirmation of the above findings. Re- 
sults using unheated solutions and 55° C filtrates 
are presented in Table IV. For each sample, the 
extents of precipitin-inhibitiun by equal volumes 
of unheated and heated solutions are compared. 
Serum globulins usually and urine globulins in- 
variably showed decreased antigenic activity af- 
ter heating. In the serum-urine pairs tabulated, 
urine components showed the greater decrease 
with significant frequency [p = 0.03 (21)]. Se- 
rum globulin filtrates obtained at 98° C never 
caused detectable precipitin-inhibition. Corre- 
sponding urine globulin filtrates (three from A, 
one from each other subject) gave detectable in- 
hibition in all cases except that from F. 

Some miscellaneous studies tested the possibil- 
ity that observed differences between urine and 
serum gamma-related proteins could be due to 
dilution of gamma globulins or to urinary proteo- 
lytic action. Some sera (Al, A2, C) used in the 
above experiments were initially diluted 2,000-fold 
with buffered saline and then treated as detailed 
for urines. No differences were detected between 


these preparations and those in which this large 
dilution was omitted. Addition of 2 ml of serum 
or of 50 mg of Fraction II to 24-hour urine vol- 
umes, followed by incubation for six hours at 
37° C, did not increase the amount of gamma- 
related protein subsequently found in 98° C fil- 
trates of globulin concentrates. In each case there 
was a decrease, suggesting increased absorption 
by the greater amount of precipitate forming at 

Recoveries of urinary gamma-related protein 
soluble at 98° C were attempted after adding vary- 
ing amounts of urine globulin solution to a serum 
globulin solution (globulins from 1 ml of serum 
in 2.5 ml of saline-acetate). At least a 12 hour 
output of urine globulin had to be added for 
subsequent 98° C filtrates to give a detectable 
precipitate with the antiserum in agar. 


DISCUSSION 


Filterings at 55° and 98° C were employed for 
their differential effects on concentrations of 
Bence Jones proteins and gamma globulins in 
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mixed solutions. Results of Experiment 1 give 
some indications of the likely utility of these pro- 
cedures. Of further interest is the behavior of 
precipitates formed by heating Bence Jones pro- 
teins and washing at room temperature with a 
solvent in which the native proteins readily dis- 
solve. These precipitates dissolve to a large ex- 
tent at 98° C and, on cooling, leave in solution 
some protein which reprecipitates on heating at 
55° C. This is consistent with the view that some 
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Solutions of BJ6: 
~o——o- Unheated 
—++—++- Filtrate obtained at 55°C 
~@—#-Filtrate obtained at 98°C 


~@—- Precipitate obtained at 70°C , 
washed redissolved 
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Fic. 4. QUANTITATIVE PRECIPITIN REACTIONS OF ANTI- 
II SERUM WITH VARIOUS PREPARATIONS OF A BENCE JONES 
PROTEIN. 


dissolved denatured protein reverts to the native 
form on cooling from 98° C. 

Bence Jones proteins heated at temperatures up 
to 98° C, if again obtained in solution at room 
temperature, were always antigenically indistin- 
guishable from the native proteins. This is at 
variance with most immunological studies on de- 
natured proteins [summarized by Boyd (22)] 
and implies either that change in antigenic struc- 
ture on heat denaturation is minimal, or that any 
change is largely reversible. Ouchterlony plate 
appearances further suggest similar diffusion co- 


Fic. 5. AGAR PRECIPITATION PATTERNS OF ANTI-II SE- 
RUM WITH FRACTION II AND PREPARATIONS OF SERUM PRO- 
TEIN FROM Susyect B. S is unheated solution, S55F is 
the filtrate obtained at 55° C, and S98F is the filtrate 
obtained at 98° C. 


efficients of native and heated products. The high 
solubilities of Bence Jones proteins at 98° C, to- 
gether with persistence of original antigenic struc- 
ture in the protein subsequently remaining in solu- 
tion at room temperature, were the basis of the 
scheme originally devised for detection of a small 
amount of these proteins in the simultaneous 


Fic. 6. AGAR PRECIPITATION PATTERNS OF ANTI-II SE- 
RUM WITH FRACTION Il AND PREPARATIONS OF URINE PRO- 
TEIN FROM SusByect B. U is unheated solution, U55F is 
the filtrate obtained at 55° C, and U98F is the filtrate 
obtained at 98° C. 
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TABLE IV 
Serum and urine globulins ; unheated solutions and filtrates obtained at 55° C 


Precipitin-inhibition testst 


Antigen-excess endpoint 
for 0.2 ml supernate 


(equivalent to 0.1 ml 
antiserum) after in- 
cubation with 


Change in 
endpoint 
on heating 


Unheated 


Sample* solution 


Tube 
difference 


55°C 
filtrate 


Turbidity 
on heating 


ue ll 
Control (bovine 
serum albumin) 86 


Serum 24 
Al Urine 24 


A2 Urine [2] 


Serum [10] 35 
A3 Urine [2] 2 


A4 Urine [3] 42 


Serum 24 
AS Urine 24 


Serum 20 
Urine 20 


Urine [3] 24 
Serum 24 
D Urine 24 
Serum [15] 24 
Urine [3] 29 


F Serum 29 
Urine 29 


Serum 24 
G Urine 29 


well 


29 
35 


35 
>60 


60 


29 
35 


24 
29 


35 


29 
35 
24 
35 


35 
35 


29 
42 


| ++ 


++ ++ 


4+ 


, *“Serum”’ refers to serum globulins dissolved in 5 ml of saline-acetate, ‘urine’ to urine globulins dissolved in 1 ml. 
The solvent volume differed in some samples; for these, milliliters of solvent are indicated in brackets. 4 
+ Apart from Samples A3 and A4, the volumes of both unheated and heated solutions which were incubated with 1 


ml of antiserum represented 0.1 total sample volume for urines, 0.02 total sample volume for sera. 
The amounts of Fraction II used for titration were 20, 24, 29, 35, 42, 50, 60, 


to 1 ml with phosphate-buffered saline. 
72 and 86 ug. 


presence of gamma globulin. However, the util- 
ity of the procedure is reduced by decreased re- 
coveries of Bence Jones proteins in 98° C fil- 
trates when other heat-precipitable protein is also 
present. 

The results of Experiment 3 suggest the pres- 
ence among urine globulins of protein resembling 
Bence Jones protein in a) reacting with antibodies 
to gamma globulin; b) having a higher diffusion 
coefficient, as evidenced by curvature of Ouchter- 
lony precipitin lines, than has 7S gamma globulin; 
c) having a relatively high solubility at 98° C, 
with the solute, on cooling, antigenically resem- 
bling the native protein. To these similarities can 
be added the results of studies at 55° C, which 
are at least consistent with this protein's being 


readily denatured at this temperature. However, 


These were made up 


difficulties in detecting slight turbidity of urine 
solutions, and hence in correlating reduction in 
antigenic activity with this, and possible added 
complication due to the simultaneous presence of 
other proteins (23), indicate that interpretation 
of results from 55° C filtrates must be guarded. 
Webb, Rose and Sehon (24) have reported 
physicochemical studies electrophoretically 
separated urine gamma globulin, which suggest 
that this is virtually entirely represented by pro- 
tein, antigenically related to serum gamma globu- 
lins, of molecular weight about 10,000. It is diffi- 
cult to see how such a population could have given 
the Ouchterlony plate appearances reported here. 
It may represent breakdown products of larger 
molecules, or it may have been missed in the 
present work due to the fact that it was not pre- 
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cipitated by the ammonium sulfate (the concen- 
tration of which was chosen because it readily 
precipitates pathological Bence Jones proteins). 
These authors also give figures suggesting a daily 
gamma-related protein excretion of the order of 
16 mg. This is much more than that suggested 
by the present study, in which protein reacting 
with the antiserum never exceeded 4.5 mg_ per 
24 hour urine. 

The origin of the Bence Jones-like protein is 
undetermined. No overt breakdown of serum 
gamma globulin by dilution or by urine to give 
such a product has been demonstrated. If it en- 
ters the urine in its defined form it could come 
from plasma or from some source in the urinary 
tract. The gamma-related protein described by 
Webb and associates (24) appeared, from iso- 
topic studies, to originate from the serum gamma 
globulins. 


SUMMARY 


In attempts to detect micro-amounts of Bence 
Jones protein, or of protein resembling it, ad- 
vantage was taken of reports that all Bence Jones 
proteins react with antisera to gamma globulins. 
Experiments were planned so that protein de- 
tected by reaction with such an antiserum could 
be further characterized by heat stability at 55° C, 
solubility at 98° C, and diffusion coefficients. 

Two preliminary experiments provided infor- 
mation on the behavior of serum gamma globu- 
lins and Bence Jones proteins at 55° and 98° C. 
Evidence was obtained from macroscopic behavior 
on heating and from immunochemical studies of 
heated products, that heat denaturation of Bence 
Jones proteins may be largely reversible. 

Evidence was found of the presence, in normal 
urine, of protein which resembles Bence Jones 
protein in reacting with antibodies to gamma 
globulin, having a similar diffusion coefficient and 
having a relatively high solubility at 98° C. 
Studies after heating at 55° C, although incon- 
clusive, were consistent with a further resem- 
blance to Bence Jones protein in that the protein 
was readily denatured at this temperature. 
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ADDENDUM 


Franklin (25) has provided further physicochemical 
studies of urinary protein of gamma electrophoretic mo- 
bility. He finds this to consist predominantly of a frac- 
tion which has a molecular weight of about 35,000 and is 
antigenically closely related to the serum gamma globu- 
lins; it was not thought to otherwise resemble Bence 
Jones protein. The suggested size of this protein is in 
accord with the present work, but some figures given 
by Franklin for its rate of excretion (his Table II) 
are much higher. 
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For Precise Measurement of and 


The NMC Internal Flow 
Proportional Counting System 
(PC-3A) 


TYPES OF ACTIVITY 100% resolution of alphas in the presence 
of high-level beta activity. Betas accurately counted in the 
presence of alphas. No window absorption. Sample is analyzed 
directly inside detecting chamber. Mylar window detecting 
chamber optional at extra cost. 

YIELD Full 2 pi geometry. Highest yield possible in flat sample 
counting — alphas 51%, betas 55% to 75%, gammas 1%. 
PRECISION Detects every alpha and beta which escapes from 
the sample surface through a 2 pi angle. 

BACKGROUND Alphas less than 0.1 counts per minute. Beta- 
gamma 12 counts per minute with type-C chamber for 1” 
diameter sample. Other size chambers available. 
DECONTAMINATION All chambers can be decontaminated in less 
than 10 minutes. 


APPLICATION The only system that effectively analyzes the 
radio-activity of compounds with such widely differing isotopes 
as H-3, C-14, P-32, $-35, K-40, Ca-45, Fe-59, Ni-63, Zn-65, Au-198, 
Fe-55, Po-210, Th, U and Pu-239. 

OPERATION Due to the high yield, counting time may be re- 
duced 80% to 95%. 

VERSATILITY Convenience outlets and selector switch for oper- 
ating any standard detector — well counter, GM detector, etc. 


Convert Your Present Scaler to a 


Proportional Counting System 


any one of these NMC Proportional Counter Converters 


They connect to the GM input of any scaler with a variable high voitage 
supply... to provide the same results as with the PC-3A shown above. 


PCC-10A All-purpose counting chamber 
accepts disc samples up to 2%” dia. 
x %,”". Chambers available for lower 
background counting. 7%” x 10%” 


x 17” deep. deep. 


PCC-NIA Chamber totally enclosed by 
heavy lead shield to reduce beta-gamma 
background counting. Other features are 
as for PCC-10A. 94%” x 942” x 


PCC-I2A Large chamber accepts 
samples up to 742” diameter x 1” thick. 
Ideal for bulky samples or large-area 
ons paper samples. 10” x 11” x 19” 
leep. 


Mylar window detecting chamber optional on all models. 
WRITE FOR FREE LITERATURE, OR PHONE COLLECT — Liberty 6-2415 


5967 EAST 25TH 


INDIANAPOLIS 18, IND. 
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RARE and FINE ORGANICS 


A few of the thousands of rare stock chemicals 
N-ETHYL MALEIMIDE . . $60.00/100g. 


DIISOPROPYLFLUOROPHOSPHATE .$16.00/g. 
2-FLUOROPYRIDINE 


FRUCTOSE 1,6-DIPHOSPHATE 
Ca salt 


IMIDAZOLE (Glyoxaline) 99% pure ... 
2-KETOGULONIC ACID 


PYOCYANINE (free base) 


SODIUM-alpha-NAPHTHYL ACID 
PHOSPHATE 


Write for catalog #3 listing over 12,000 RARE— 


alkaloids hydrocarbons steroids 
amino acids keto acids sugars 
enzymes fatty acids purines 
biochem preps peptides carcinogens 


Write Dept. “C” 


GCG) LABORATORIES, INC. 


177-10 93rd AVENUE JAMAICA 33, N Y 


The Journal of Clinical Investigation 


333 Cedar Street New Haven 11, Conn. 


VOLUMES 
BACK “ISSUES 


Vol. 27 (1948) six issues and one 
supplement 


Vol. 28 (1949) six issues and two 
supplements 


Vol. 29 (1950) twelve issues 


Vol. 30 (1951) twelve issues and 
one supplement 


Vol. 31 (1952) twelve issues 
Vol. 32 (1953) twelve issues 
Vol. 33 (1954) twelve issues 


Vol. 36 (1957) twelve issues and 
two supplements 


Vol. 37 (1958) twelve issues 
Index, Vols. 1-17, inc. 


Order While Available 


When too many tasks 
seem to crowd 

tne unyielding hours, 

a welcome 

“pause that refreshes” 
with ice-cold Coca-Cola 
often puts things 

into manageable order. 


REG US PAT OFF 
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REVUE FRANCAISE D’ETUDES 
CLINIQUES ET BIOLOGIQUES 


June, 1960 
Vol. V, No. 6 
Editorials 
Les Entérovirus de "Homme. J. Maurin. 
La Properdine et la Résistance Naturelle. A. EyQuem. 


Original Articles 
L’Hormone Inhibitrice de la Cholécystokinine, Son Réle en Pathologie Biliaire et Pancréatique. J. 
CarOLt, J. PLEsstER et B. PLESSIER. 
Diabéte Salin par Insensibilité Congénitale du Tubule a 1l’Aldosterone: Pseudo-hypo-adrenocorticisme. 
M. LELonG, D. ALAGILLE, A. PHILipre, C. GENTIL et J.-C. Gabilan. 
Relations Entre Glandes Endocrines et Sécrétion Biliaire. Action de l’Hypophysectomie Chez le Rat 
Blanc. Cu. Despray, J.-P. HArpDouIN, J. DE LA Tour et C. P. Roze. 
“Ulcére” Expérimental de Contrainte du Rat Blanc. III. Mise en Evidence et Analyse du Réle de 
Certains Facteurs Psychologiques. S. Bonrits, G. LieFooGHE, X. GELLE, M. DuBRASQUET et A. 
LAMBLING. 
Action Respiratoire de l’Acétazolamide. Etude Chez l’Homme a Poumons Sains ou Emphysémateux 
Ventilation Constante. J.-J. PocipaLo, F. Corcketrt, J.-L. AMIEL, J. Lissac, P. FInerri 
et M.-C. Biayo, 


Original Notes 
La “‘C. Reactive Protein” dans la Syphilis. G. L. DAGuEt. 
Uricémie et Excrétion Urinaire de l’Acide Urique au Cours des Leucoses Aigués. R. ArparLLou, R. 
SiaMA, G. RICHET et JEAN BERNARD. 
Hypervitaminémie a Provoquée on voie Orale et Métabolisme des Chylomicrons. I. Le Transport 
Sanguin de la Vitamine a Absorbée. J.-L. BEauMont et V. BEAUMONT. 
Hypervitaminémie a Provoquée par voie Orale et Métabolisme des Chylomicrons. II. Le Passage de la 
Vitamine a Ingérée dans un Chylothorax. J.-L. BEAUMONT et V. BEAUMONT. 
Artériolite Expérimentale et Désordre Electrolytique Chez le Rat. Action du Coenzyme. A. C. Brior, 
M. S. MoukutTar et J. BAILLET. 
Identité du Facteur Gmx et de la Propriété Inhibitrice Ing(+). C. Ropartz, L. Rivat et J. LENorR. 
Un cas d’Exclusion de Paternité par le Facteur Sérique Gmx. C. Ropartz. 
L’Action Antimitotique des Stéroides Cortico-Surrénaliens sur le Pancréas en Culture Organo-Typique. 
J. Faurrez, L. VAKAET et N. VAN STRIJTHEM. 
Etude de la Tolérance Glucidique Chez l’Enfant. Présentation des Résultats Observés Entre Six et 
Quinze Mois. H. Lors et V. Conarp. 
Nouvelle Technique de Mesure du Temps de Circulation a la Fluorescéine. Valeurs Normales et Varia- 
tions Physiologiques. Exploration de la Circulation Péripherique des Membres Supérieurs par Mesure 
Couplée des Temps Fluorescéine Dehydrocholare de Sodium Dycholium. J. Demos, C. Bonuon et 
J. Marorreau. 
Analyse du Precipité Formé au Cours du Dosage Turbidimétrique des Gamma-Globulines Sériques en 
Presence d’Héparine et de Chlorure de Cobalt. M. Burstein et J.-M. FINe. 
Données Nouvelles Concernant la Maladie de Willebrand (Angio-Hémophilie). P. Corun, M.-J. 
LARRIEU, J. CAEN et JEAN BERNARD. 


General Review 
Physiopathologie de 1’Hémoglobinurie Nocturne Paroxystique. J. COLOMBANI. 


Technical Note 
La Recherche des Anticorps Protecteurs Contre la Poliomyélite par la Technique Cinétique de Séro- 


Neutralisation. F. ROGER. 


Subscription rate, $19.00 
Special rate for interns and residents, $13.00 


EDITIONS MEDICALES FLAMMARION, 22, rue de Vaugirard, PARIS 6eme. France. 
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OVER 54700 


CHEMICALS 


® Homolanthionine 

@ Hydantoic Acid 

@ Hydrindene 

@ Hydrobenzoin 

@ Hydroquinonedicarboxylic Acid 

@ 4-Hydroxyacridine Hydrochloride 

@ 1-Hydroxyanthraquinone 
Hydroxycitric Acid 
8-Hydroxycoumarin 
Hydroxymethylfurfural 
a-Hydroxymyristic Acid 
2-Hydroxy-1-naphthaldehyde 

@ 2-Hydroxy-3-naphthoic Acid Hy- 

drazide 

@ a-Hydroxypalmitic Acid 

@ m-Hydroxyphenylglycine 

@ m-Hydroxyphenylserine 

@ p-Hydroxyphenylserine 

@ 2-Hydroxyquinoline 

@ 4-Hydroxyquinoline 

@ 7-Hydroxyquinoline 


Ask for our new 
ete catalogue 


Gne. 


17 West 60th St. New York 23 NOY. 
Plaza 7-8171 


J.C.1l. SUPPLEMENTS 
Order while still available WANTED 
Symposium on Malaria 
May, 1948, Part II $2.00 Back Issues of 


S i Antibiotics 
yBeptember, 1949, Part I $2.00 THE JOURNAL OF 


Ss i Radioactive Isoto 
eo ion 1949, Part I pes $2.00 CLINICAL INVESTIGATION 


Treatment of Acute Infectious H 
=O sae January, July, (Pt. I), September, 


July, 1955, Part II $1.50 through December, 1955 
The Renal Lesion in Epidemic 


Hemorrhagic Fever anuary through December, 1956 
1957, Part II $1.50 J 


Metabolic Studies in Paralytic July and November, 1959 


Acute Anterior Poliomyelitis 
June, 1957, Part II $1.50 75¢ per copy and postage 


* * * * 
Studies on Influenza in the 1957- ~~ — 
The Journal of Clinical 
anuary, , Part ‘ ee 
History of the A.S.C.I. 
July, 1959, Pt. II $1.50 Business Office 


Order through the Business Office of 333 Cedar Street 


THE JOURNAL OF CLINICAL INVESTIGATION New Haven 11, Conn. 
333 Cedar Street New Haven 11, Conn. 
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for SINGLE and DIFFERENTIAL PRESSURE 


MEASUREMENTS, SANBORN TRANSDUCERS provide 


CHOICE OF SENSITIVITIES Compect, Precision Construction 


Durable, non-corrosive Monel construction resists 


Sanborn Physiologic Pressure Transducers, in normal saline, alcohol and other standard physiologic 
: and sterilization solutions. Chamber design permits 


oe Sey Se mee cm/mm Hg or flushing liquid to sweep the entire pressure chamber, 
1 cm/0.1 mm Hg — provide models for both removing all bubbles. Standard luer female type con- 
differential (difference between two variable nections gccept all needle and catheter fittings. 
pressures) and single-ended (difference between Extremely small size (1/9” high x 1%” wide x 1” 


. : deep) allows transducers to be easily supported by 
a variable pressure and atmospheric pressure) ring stand clamp or similar method for use close to 


measurement. the subject under test. 


Complete data on the pressure 
Sensitivity nominal working range| volume displacement | transducers, as well as compatible 
amplifying, monitoring and re- 
cording instruments, is available 
in a new 42-page “Biophysical 
Instrument" catalog. Copies are 
Model 268] 1 cm/0.1 mm Hg} —40 to +40 mmHg | 0.5 mm3/100 mmHg | available on request from Inquiry 
Director, Waltham, Mass. 


SANBORN ¥ COMPANY 


Medical Divisione 175 Wyman Street, Waltham 54, Mass. 


Model 267] 1 cm/1 mm Hg |—100 to +400 mm Hg] 0.05 mm3/100 mm Hg 


| 
Ls 
@ cardiac catheterization | . 
te 
@ esophogeal pressure 
eplethysmography 
@spinalpressure 
gastric pressure JY 2008 
BOS / 
| 
/ 
Xe 
if 


A new development... Product of 5 years’ Wyeth research 


To relieve the symptoms 
esophagitis 


of gastritis, 


and related disorders, such as, irritable bowel syndrome 


What is OX AINE*? 


OXAINE contains the potent, topical anes- 
thetic, oxethazaine, suspended in an antacid- 
demulcent aluminum hydroxide gel. Each 
teaspoonful of OxaINe contains 10 mg. of 
[N, N-bis-(N-methyl- N-phenyl-t-butyl-aceta- 
mido)-beta-hydroxyethylamine]. 


How does OX AINE act? 


Gastroscopic observation reveals that the 
double aluminum hydroxide gel, especially 
when swallowed undiluted, forms a diffuse 
coating over the inflamed gastric mucosa. 
Because of this adherent coating, oxethazaine 
exerts a prolonged topical anesthetic action 
on the mucosa. 


Pharmacology—Dilute solutions of oxeth- 
azaine hydrochloride applied to mucus 
membranes produce a more potent anes- 
thesia of longer duration than either cocaine 
hydrochloride or lidocaine hydrochloride. 
Because of this potency, a 0.2% concentra- 
tion in alumina gel is therapeutically effec- 
tive. In vitro studies show antispasmodic 
action on smooth muscle and antagonism of 
histamine, serotonin, physostigmine, and 
barium sulfate on smooth muscle. In dogs, 
oxethazaine hydrochloride (intravenously) 
does not affect intestinal motility. Toxicity— 
In mice, the oral LD, of oxethazaine is 
approximately 400 mg. of base per kg. In 
alumina gel, the LD, is approximately 
1012 mg. of base per kg. 


What are the clinical benefits? 


In chronic gastritis, provides relief of sub- 
sternal pain and upper abdominal distress, 
including the pain-food-pain cycle common 
to chronic gastritis sufferers. Relieves bloat- 
ing and the sensation of fullness following 
intake of food. With the relief of symptoms, 
patients may often be permitted an increased 
volume and variety of meals. In 89 of 92 


*Trademark 


patients, Deutsch! found that OXAINE, as 
adjunctive medication to standard therapies, 
brought relief of pain. 

In esophagitis, OXAINE relieves discomfort 
and lessens the frequency with which esoph- 
ageal dilatation is required. In the irritable 
bowel syndrome, OXAINE diminishes the sensi- 
tivity of the gastrocolic reflex, relieving dis- 
comfort in the lower left abdomen, crampy 
pain and nausea, and the urgent desire to 
defecate often following the ingestion of even 
small amounts of food. 


What precautions should be taken? 


Adequate diagnostic studies are recom- 
mended. The possibility of gastrointestinal 
carcinoma should be considered in patients 
with protracted or recurrent indigestion. 
Constipation may be aggravated by thera- 
peutic doses of OXxAINE. This should be pre- 
vented by an adequate fluid intake and the 
use of dietary roughage or mineral oil 
preparation. 

With overdosage, some patients may ex- 
perience dizziness, faintness, or drowsiness. 
One case of glossitis of the hypersensitivity 
type has been reported. One observed case of 
skin eruption was relieved by discontinua- 
tion of medication. 


What are dosage recommendations? 


Usual dosage of OXAINE is | to 2 teaspoon- 
fuls 4 times daily, 15 minutes before meals 
and at bedtime. Do not exceed recom- 
mended dosage. OXAINE is most effective when 
taken undiluted; however, if desired, it may 
be followed by a sip of water. 

For further information on prescribing 
and administering OXAINE see descriptive 
literature, available on request. 


1. Deutsch, E., and Christian, H.J.: J.A.M.A. 169: 
2012 (April 25) 1959. 


Wyeth Laboratories Philadelphia 1, Pa. 
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